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  Optimization of comminuting and heating conditions for surimi gel preparation 
obtained from three fish species: Alaska pollock (AP) (Theragra chalcogramma), Pacific 
whiting (PW) (Merluccius productus), and threadfin bream (TB) (Nemipterus spp.) was 
the focus of this study.  Three parameters during comminution were separately evaluated: 
chopping time, chopping temperature, and salting time.  Results from fracture gel 
analysis suggested a strong relation between the fish's environmental habitat and optimal 
final chopping temperature.   Extending chopping time to 15 min under strictly controlled 
temperature at 0 °C was preferable for cold water fish AP surimi.  Even though high 
chopping temperature (20 °C) for a shorter time (12 min) surprisingly resulted in strong  
 
gel texture similar to that of 0 °C for 15 min, high chopping temperature should not be 
employed for AP surimi.  AP could set as a gel at this temperature within a shorter time 
in a holding tank which could subsequently cause a problem when extruded on the 
cooking belt.  Temperate water fish Pacific whiting, demonstrated its maximum gel 
strength when chopped at 15-20 °C.  The optimum comminution condition for warm 
water fish threadfin bream surimi was to chop the surimi until the paste temperature 
reached between 25-30 °C.  Prolongation of chopping once the surimi hit its threshold 
(optimum) temperature diminished the quality of the resulting protein gel.  Cooling 
system connected to the chopping bowl is strongly recommended as it will allow the 
comminution process to be extended as long as possible until the surimi paste reaches its 
target temperature.  
  Raman spectroscopy disclosed the different level of protein unfolding based on 
secondary structure of α-helix and β-sheet during various comminuting conditions.  
Unfolding of protein was facilitated by increased chopping temperature to a greater 
degree than extended chopping time.  Extending chopping could denature the light 
meromyosin structure as it could not form a semi gel-like structure at temperatures 
between 32-40 °C.   
  Protein solubility of surimi paste in salt solution always decreased with prolonged 
chopping time.  The decrease rate accelerated with increased chopping temperature.  The 
formation of disulfide interchange gradually took place during chopping as observed 
from Raman spectroscopy.  Also the surface hydrophobicity increased with extended 
chopping time.  However, gel strength behaved differently according to the various  
 
chopping conditions indicating the lack of its relationship between salt soluble protein, 
disulfide formation, and surface hydrophobicity to gel strength.   
  During extending chopping time, not only more mechanical force is applied to 
unfold protein structure, but proteins also have longer time to be extracted more by salt.  
Addition of salt at a different time during chopping process was therefore conducted 
using threadfin bream surimi due to its higher thermostability.  Extending chopping time 
without salt followed by salt addition at the last step resulted in lower gel texture 
compared to the conventional chopping protocol where salt is always added at the early 
stage of comminution.  Mechanical chopping could unfold protein structure; however, 
proteins, rather than staying solubilized, would precipitate and form a randomized 
structure under the chopping condition without salt. 
  The heating condition greatly affected the gelation and rheological properties of 
AP surimi.  The highest elastic modulus was obtained with the slowest heating rate at 1 
°C/min.  Increased heating rate did not only shorten the time for proteins to unfold and 
form a well-organized network, it also interfered with the protein network through the 
vibration of water molecules as phase angle increased.  This suggested that AP surimi 
gained more viscous properties and failed to form an elastic gel.  Adjusting moisture 
content along with applying various frequencies did not alter the pattern of G' formation 
when paste was heated at different heating rates.  AP surimi favored the slow heating. 
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RHEOLOGICAL AND SPECTROSCOPIC CHARACTERIZATION  
OF SURIMI UNDER VARIOUS COMMINUTING AND  
HEATING CONDITIONS 
 
CHAPTER 1 
INTRODUCTION 
 
  Surimi is refined and stabilized myofibrillar protein from white fish muscle 
(Okada 1992; Park and Lin 2005).  After fish are caught, white muscle is collected. The 
collected muscle is washed to remove sarcoplasmic protein and other impurities.  Purified 
myofibrillar protein is then stabilized with cryoprotectants.  This intermediate raw 
material is widely used to make surimi seafood products, such as crabstick and 
kamaboko.  A number of fish species have long been utilized worldwide.  Cold water fish 
Alaska pollock and temperate water fish Pacific whiting are the two major species used in 
North America (Guenneugues and Morrissey 2005).  Warm water fish threadfin bream, 
on the other hand, is extensively harvested and used as a primary surimi resource in 
tropical countries (Yongsawatdigul and others 2002).   
Whether surimi is tested to measure its gelling ability or used for the production 
of surimi seafood, comminution using 1.5–3.0 % salt is the first step.  Proteins are 
mechanically and chemically unfolded by chopping and salting, respectively.  Unfolded 
proteins will align themselves in a well-organized fashion.  This salt-extracted protein 
after chopping is called surimi paste.  Surimi paste prepared with salt or salt with ice or 
surimi seafood paste prepared with other food ingredients can be heated directly to 90 °C 
or after being held at various setting temperatures (5-40 °C) depending on species.  2 
 
Holding surimi paste at low temperature for a period of time prior to heating to 90 °C  
could improve the gel texture.  The textural properties of surimi gel are then analyzed by 
non-fracture gel analysis, such as dynamic oscillation rheology, and/or by fracture gel 
analysis, such as penetration test.  The former elucidates the rheological properties of 
surimi based on G' (elastic modulus), G'' (viscous modulus), and phase angle).  The 
latter reports breaking force and penetration distance, which refers to gel hardness and gel 
cohesiveness in sensory terms, respectively (Lanier and others 1985). 
  Understanding the factors affecting gelation is a way to improve the textural 
properties of surimi.  In the majority of the time, higher gel strength is favorable.  
However, for some traditional products a weak surimi seafood gel is occasionally 
preferred.  It is a much easier process to reduce the gel strength to meet this consumer 
preference.  Gel weakening can be done by adding more water, replacement of protein 
with some other filling ingredients such as starch, or mixing low quality surimi for a 
partial replacement of high quality surimi, if  maintaining protein content is required.   
  One of the most important factors affecting protein quality is temperature.  
Traditionally, it was thought that during surimi/surimi seafood processing the golden rule 
was to "Keep it cold" in order to maintain protein quality.  However, after several studies 
involving the thermostability of fish from different habitat temperatures were conducted, 
it was found that maintaining surimi at cold temperature prior to cooking is no longer 
rational.  The fact that surimi prepared from different fish species requires different 
optimum setting conditions obviously proves this statement.  Thermostability of protein 
strongly relates to the environmental habitat of each fish species.  Protein from warm 3 
 
water fish is likely more stable than that of cold water; thus its optimum setting condition 
will be at a higher temperature (Lee and Park 1998; Morales and others 2001). 
  Another factor dictating the textural properties of surimi gel is chopping 
condition.  Lee (1984) proposed a standard practice of comminution, which 
recommended that chopping be finished when the temperature of surimi reached around 
7-10 °C.  This method was developed based on the use of Alaska pollock which ruled the 
surimi industry as a major resource to the most recent years.  Subsequently, Esturk and 
others (2004) demonstrated the positive effect of high chopping temperature on gel 
strength of surimi from warm water species, big eye, lizardfish, and threadfin bream.  
Alaska pollock, however, performed well under cold chopping condition.  There was no 
significant difference in gel strength of Pacific whiting regarding final chopping 
temperature.  Based on these results, commercial processing began to optimize the 
chopping protocol based on what kind of fish species is used.   
However, the study by Esturk and others (2004) had some limitations resulting 
from uncontrollable parameters.  These limitations needed to be explored in more details.  
In their study, surimi from five fish species were selected: warm water fish (big eye, 
lizardfish, and threadfin bream), temperate water fish (Pacific whiting), and cold water 
fish (Alaska pollock).  Surimi was chopped until it reached a target temperature at 0, 5, 
10, 20, 25, and 30 °C.  Due to an attempt to finish chopping in the same amount of time, 
a chopping bowl equipped with cooling jacket was set at different temperatures in order 
to bring surimi paste up to the target temperature within or as close as possible to 6 min.  
With this, it was believed that this temperature modification could negatively result in 
unfolding of fish myofibrillar protein.  However, some samples, especially with a high 4 
 
final chopping temperature, required longer than 6 min chopping time.  Any 
conformational change in protein structure during extended chopping time could either 
enhance the unfolding of protein in the case of warm water fish or impair the protein 
network in the case of cold water fish.  Long chopping time also allowed protein to be 
more extracted by salt.  In addition, partially thawed surimi was equilibrated to different 
temperatures prior to chopping; as a result, salt was subsequently added at different 
temperatures as well.  Unfortunately, the previous work did not record the actual 
chopping time, temperature of partially thawed surimi prior to chopping, and temperature 
of the chopping bowl.  Understanding these parameters would provide massive 
knowledge on the effect of various comminution conditions on the textural properties of 
surimi gel. 
  This thesis basically was designed as an extended study from Esturk and others 
(2004).  The experimental design in Chapter 3, 4, and 5 was managed to discover the 
effect of chopping time, chopping temperature and salting time independently to each 
other.  Uncontrollable factors such as chopping time and temperature of thawed surimi 
was controlled in this study.  All parameters involving comminution were documented to 
benefit those who are willing to explore and develop the optimum chopping process for 
each fish species in the future.  This thesis also covered the effect of different temperature 
gradients (heating rate) on the rheological properties of surimi during heat-induced 
gelation.  The dissertation outline is as follows: 1) to elucidate the individual effects of 
chopping time and chopping temperature with regard to thermal stability of each fish 
species based on Raman spectroscopic analysis and dynamic rheological properties; 2) to 
determine the biochemical characteristics of surimi paste as affected by various 5 
 
comminution conditions; 3) to assess the gel quality of warm water fish surimi based on 
different salting steps; and 4) to study the dynamic rheology of Alaska pollock fish 
protein under various heating rates, frequencies, and moisture contents. 
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 THERMOSTABILITY OF FISH PROTEINS 
  A study of relationships between temperature and organisms has always been 
considerable and substantially explored in both comparative and environmental 
physiology (Cossins and Bowler 1987).   Massive studies in this area arose from the 
effect of temperature on the whole body of creatures down to the individual organs and 
deeply into the molecular level (Somero 1995).  Sensitivity of proteins based on 
temperature is important since almost all chemical reactions conducted in living 
organisms are driven by enzymes, which are mostly proteins.  Therefore, knowledge on 
the thermal stability of proteins could help us understand life of all creatures. 
  Fish muscle has less thermal stability compared to land animal meat due to the 
lower proportion of connective tissue.  Fish muscle contains only 3-5% connective tissue 
while the composition of this stroma protein in land animal meat accounts for 16-28% 
(Lanier and others 2005).  Not only is there less abundant connective tissue, but this type 
of protein in fish is also less heat stable than the land animal counterpart (Sikorski and 
others 1984).  Although Gauza and Kubisz (2012) claimed that thermal stability of 
lyophilized collagen from cyprinids fish (such as carp and barb) was as high as bovine 
collagen, habitat temperature of fish whose collagen was collected was not mentioned.  
Connective tissue, if collected from warm water cyprinids fish could be stable at high 
temperature.  Compared to stroma protein, myofibrillar protein in fish muscle is more 
susceptible to chemical and heat-induced denaturation than any other vertebrates 7 
 
(Sikorski 1994; Ugalde-Benitez 2012).  Since myofibrillar protein is the major 
component (> 70%) in fish muscle, thermal stability of this particular protein as affected 
by several factors will be intensively discussed.   
 
2.1.1 Fish species and their habitat temperature 
  Varieties of fish species around the world have been utilized in the surimi 
industry.  Processing surimi obtained from different species requires different practices 
because the thermal stability of each species greatly depends on its habitat temperature 
(Johnston and others 1973; Johnston and others 1975; Hashimoto and others 1982; 
Sankar and Ramachandran 2005).  Concern pertaining to heat sensitivity of each species 
has been taken into account at the earlier step of surimi processing, which is washing.  
High temperature washing water could be used for warm water fish, such as threadfin 
bream and lizard fish, without impairing protein functionality (Lee 1984).  Douglas-
Schwarz and Lee (1988) reported the critical temperatures of washing water for Alaska 
pollock and red hake, however were at 10 and 15 °C, respectively.  Cold water Alaska 
pollock (AP) showed a significant decrease in gel texture if AP mince was washed by 
water above 10 °C.   
In addition to the washing process, protein quality can also deteriorate during 
frozen storage; thus, an optimum proportion of cryoprotectants is required.  
Approximately 5% sorbitol, 4% sugar, and 0.3% phosphate were incorporated with 
surimi from cold water fish (Jaczynski and others 2011).  However, due to higher 
thermostability of warm water fish protein, only 6% sucrose is typically added to surimi 
manufactured from warm water species (Park and Lin 2005).   8 
 
  Understanding the thermostability of fish could maximize gel quality during the 
production of surimi seafood as well.  The process of chopping surimi with 2-3% salt is 
used to unfold and solubilize myofibrillar protein prior to gelation during heating.  The 
comminution process was normally done at below 10 °C (Lee 1984) for cold water 
Alaska pollock because its protein would coagulate if chopping temperature went too 
high.  However, surimi from temperate water fish, such as Pacific whiting, and warm 
water fish, such as big eye snapper, lizard fish, and threadfin bream, require a higher 
optimum chopping temperature in order to maximize gelation properties of fish protein.  
Red hake demonstrated maximum gel texture when chopping was finished at 12-15 °C 
(Douglas-Schwarz and Lee 1988) while big eye, lizard fish, and threadfin bream provided 
better gel quality at chopping temperatures between 20-25 °C (Esturk and others 2004).  
Poowakanjana and others (2012) reported a 25-30% increase in gel hardness and 
cohesiveness of threadfin bream surimi when chopping was done at 25 °C compared to 
12 °C.   
  After the comminution process, surimi paste may be subjected to setting; the 
textural strengthening of surimi paste at low temperature.  The optimum temperature for 
setting is related to fish habitat temperature (Morales and others 2001) and can be 
determined by the heat stability of myosin of each fish species (Benjakul and others 
2003a).  Alaska pollock and Pacific whiting could set a gel at 25 °C for 3 hrs or at 5 °C 
for 20 hrs for maximum gelation properties (Lee and Park 1998) while optimum setting 
temperature of warm water carp is at 40 °C for 1 hr (Ramírez and others 2000).  
Optimum setting condition of surimi made from big eye (Benjakul and others 2004), 
tilapia, croaker, and threadfin bream at 40 °C (Yongsawatdigul and others 2002) was also 9 
 
confirmed.  This gel enhancement occurs through the lysyl-glutamyl covalent bonds 
formed by calcium-dependent endogenous transglutaminase (Tsukamasa and others 
1993).  The active temperature range of this enzyme is also related to habitat temperature.  
For warm water yellow stripe, crude endogenous transglutaminase demonstrated 
maximum activity at 40 °C (Arfat and Benjakul 2012). 
 
2.1.2 Seasonal change 
  Because some fish species, such as silver carp, are caught year-round and their 
thermal stability fluctuates during the season (Wang and others 1997), understanding the 
stabilization of myofibrillar protein could help maintain product quality during different 
seasons.  Normally, myofibrillar protein from summer fish is more stable; therefore, extra 
input energy is required to unfold the myofibrillar protein prior to thermal gelation.  
Comparing summer carp surimi to its winter counterpart, gelling temperature increased 
by 10 °C (Yuan and others 2006) due to this higher protein stability.  In the same study, it 
was indicated that the thermal inactivation rate of enzyme CaP
2+
P-ATPase at 30 °C from 
winter carp was 20 times greater than that of summer carp.  Yuan and others (2005) 
reported that at 40 °C the stability of myofibrillar protein of winter carp was 60 times 
lower than summer carp.   
  Proteins from carp seem to be more stable and functional during the summer.  But 
a dissimilar trend emerged in pike perch fish.  Gelman and others (2003) investigated the 
activity of intestinal GL dipeptidase in pike perch fish between 0 and 60 °C.  They 
observed higher activity of this enzyme between 25-50 °C from summer fish; however, 
the enzyme from winter fish was more active at lower temperatures (0-10 °C).  The 10 
 
molecular structure of enzyme in winter fish might rearrange itself into a form that is 
active at low temperature.  This process was proved by many psychrophiles whose 
enzymes evolved to optimally function at cold temperature (D'Amico and others 2006). 
These conclusions indicate a strong relationship between protein functionality and habitat 
temperature as influenced by seasonal change within the same fish species. 
 
2.1.3 Sexual maturation and stress 
  Structural change and metabolism rate of living things occurs at all stages of the 
life cycle.  This, likewise, applies to thermal stability of actomyosin, which also alters 
throughout the life cycle, especially during reproduction (Paredi and Crupkin 2007).  
Myofibrillar protein is more heat stable during egg growth and development 
(Aussanasuwannakul and others 2012).  This stabilization suggested that lipid molecules 
bind to egg to stabilize the actomyosin (Taguchi 1970; Hamada and others 1982).   
  As fish reach maturity, they are ready to migrate for spawning.  The disintegration 
between intact myosin and actin, leading to destruction of filamentous structure, was 
found in pre-spawned fish, such as hake (Roura and others 1992).  This fractionation is 
due to protein catabolism to compensate for the energy used during migration back to the 
spawning grounds (Doucett and others 1999).  
  Starvation can be used as a model for evaluating the thermal stability and 
structural changes of fish muscle.  It was suggested that during starvation, fish utilize 
energy to stabilize the most important organs in the following order: heart, muscle, 
spleen, kidney, liver, and intestine; in which the physical change of intestine was most 
affected (Creach and Cournede 1965).  A similar observation was reported from the 11 
 
structural change of myofibrillar protein between red and white fibers (Walker 1971); 
less structural change of  red muscle that controls movement was found.  Heap and others 
(1986) studied the effect of starvation on fish mobility and found that starving fish had 
lower myofibrillar ATPase activity at high temperature (28 °C).  The different activity 
rate was minimized at low temperature (10 °C) due to reduced metabolism rate.  In other 
words, temperature effect was significant during times of stress and starvation.  
    
2.2 PHYSICOCHEMICAL ASSAYS FOR SURIMI IN SOL STATE (PASTE) 
 
2.2.1 Raman spectroscopic analysis 
  Raman spectroscopic technique has been widely used to determine the structural 
change of surimi paste (Bouraoui and others 1997; Okawa and others 1999; 
Thawornchinsombut and others 2006; Sánchez-González and others 2008; Sánchez-
González and others 2009; Tadpitchayangkoon and others 2010).  This technique does 
not require chemical modification or laborious sample preparation of proteins.  
Moreover, there is no heat generated during the measurement.  Therefore, a paste in sol 
state can be measured directly.   
Regarding circular dichroism or other spectrophotometric analyses, samples must 
be in a clear liquid form (Pelton and McLean 2000) where homogenization and 
centrifugation are involved during preparation.  X-ray crystallography reveals the 
structure of the protein molecule, but in order to examine the secondary structure, 
samples must be crystallized and molecules must be solitary (Pusey and others 2005).  
Consequently, surimi paste that has undergone homogenization, centrifugation, and 12 
 
crystallization might not be an appropriate sample to determine the conformational 
change of protein as affected by chopping time and temperature.   
Even though nuclear magnetic resonance (NMR) techniques could be used to 
determine the structural change of protein molecule, measurements must be done with a 
solid probe, which requires high sample preparation skill and is a prohibitively expensive 
measurement.  In addition, NMR technique could only reveal the structural change of 
protein that has a molecular weight less than 30 kD (Pelton and McLean 2000).  
Myofibrillar protein with myosin (205 kD) and actin (45 kD) subunits will therefore not 
be detected by NMR.  Moreover, if there is an interconversion of structural form in 
peptides and small protein molecules, the structural change will have a short lifetime 
producing a weak signal that is undetectable to NMR (Jackson and Mantsch 1995).  
Therefore, Raman spectroscopy is a more suitable and reliable technique to directly 
measure surimi in the sol state.  
 
2.2.1.1 Basic theory 
  Raman spectroscopy generates a spectrum based on both relative intensities and 
the frequencies (emitting in a different wavelength to the incident radiation) of 
vibrational and bending transitions on the amino acid side chains, chemical bonding such 
as disulfide bond, polypeptide backbone, and secondary structure of protein chains (α-
helix, β-strand, turns, disordered) (Ferraro 2003).  Upon measurement, the sample is 
irradiated with monochromatic visible or near infrared light from a laser source.  A 
molecule assimilates the energy and shifts from its ground electronic state to a short-
lived, high-energy virtual state, which returns to a ground electronic state by emission of 13 
 
a photon in the form of scattered light (Ferraro and Nakamoto 1994).  The scattered light 
is comprised of two types of scattering, which are Rayleigh and Raman scattering.  The 
scattered light that has a similar amount of energy compared to the incident laser beam is 
called Rayleigh scattering and scattered light with lower or higher energy is called 
Raman scattering (Figure 2.1).  According to the Planck relation: E = hν; where E is 
energy of photon, h is Planck constant, and ν is frequency (Planck 1901);  different 
amounts of energy released occur as the emitted photon at different frequencies.  
Basically, Raman spectroscopy measures the intensity of vibrational frequency that shifts 
from the incident beam frequency.  Each frequency is assigned for an interpretation of 
each protein structure. 
  Raman spectroscopy measures the protein structure by using the transitional 
change of photon energy with various wavelengths (λ) due to different frequency (λ = c/ν; 
where c is speed of light).  It is therefore worthwhile to mention the difference between 
Raman spectroscopy and infrared (IR) spectroscopy since the latter technique employs 
the energy change of photon and solid samples can be directly used upon measurement as 
well.   
  In IR spectroscopy, photons interact with molecules and induce transitions among 
the available energy levels.  The laser source in infrared spectroscopy irradiates the 
samples with the most frequently used mid IR region, which is between 4000 and 400 
cmP
-1
P (Wavenumber) (Hsu 1997).  However, near infrared (NIR), at the same and longer 
wavelengths of the visible spectrum (400 - 1100 nm), was also used to determine the 
protein structure of surimi (Uddina and others 2006; Huang and others 2009).  IR 
spectroscopy emitted the photon for a number of times during the wavelength gradient 14 
 
 Figure 2.1 Quantum-mechanical view of scattering 
 
depending on the resolution of screening.  IR spectroscopy will detect the absorption 
intensity or percent transmittance of radiated energy from a sample compared to the 
emitted energy from incident beam at similar wavelengths (Hsu 1997); this is called 
elastic scattering.  In the case of Raman spectroscopy, the laser beam will emit only one 
wavelength (high energy).  Once the molecules are irradiated; they bend, stretch, and 
release these vibrational energies in the form of inelastic light scattering (Raman 
scattering) that have different wavelengths compared to the monochromatic laser source.  
Inelastic scattered light is always detected in the direction perpendicular to the incident 
beam (Ferraro and Nakamoto 1994).  The position at this angle minimizes the 
interference from the laser source since the signal of inelastic scattering is weaker than 
the elastic counterpart by 7 magnitudes.  Regarding the absorption of elastic scattered 
light in IR spectroscopy, it is observed at a similar direction to the laser beam. 15 
 
  Another difference between IR and Raman is IR measures the change in the 
dipole moment while the latter technique employs the polarizability of molecule changes 
during vibration.  Alterations of polarization and the dipole moment of molecules are 
described based on the principle of mutual exclusion (Gupta 2001; Sindhu 2006).  For a 
centrosymmetric molecule (such as COR2
R), vibration mode that is Raman active is IR 
inactive and vice-versa.  Regarding the molecules that have different elements of 
symmetry (such as CClR4
R, HR2
RO), certain vibrational modes may be active in IR, Raman, 
both, or neither.  And for asymmetry molecules, all vibrational modes are active in both 
IR and Raman.   
Even though fish myofibrillar proteins are asymmetric molecules and both IR and 
Raman spectroscopy can be used to determine the conformational change of actomyosin 
during various comminution conditions, there are some limitations on the use of IR 
spectroscopy.  One concern is that the absorption of amide I on the backbone overlapped 
(at spectral region 1700-1610 cmP
-1
P) with the absorption of amide I on the side chain 
(Barth 2000).  Exposure of amino acid side chains that fall into the same spectral regions 
determining secondary structure could misinterpret the structural change of the protein 
molecule.  In addition, determination of the secondary structure of protein using IR 
spectroscopy might not be reliable as the band positions of α-helix, β-strand, turns, and 
random coincide with each other (Rahmelow and others 1998; Kong and Yu 2007).   
 
2.2.1.2 Tentative assignment of Raman peak 
  A typical molecular bonding between specific elements as well as the secondary 
structure of protein molecules always gives a signal at a specific frequency.  The  16 
 
Table 2.1 Tentative assignment of some major bands in the Raman spectra of fish protein 
Peak (cmP
-1
P)  Assignment  Peak (cmP
-1
P)  Assignment 
510-540  S-S stretching Vibration  1404  Side chain carboxyl group 
630-670  C-S stretching vibration  1450  Aliphatic amino acid 
760  Trp  1652-1656  Amide I (α) 
830-860  Tyr  1658-1670  Amide I (β) 
1002-1006  Phe  2550-2580  S-H stretching vibration 
1232-1250  Amide III (β + random)  2938  C-H stretching vibration 
1273, 1309  Amide III (α)  3068  Aromatic C-H stretching 
1340,1360  Trp  3220-3236  O-H stretching vibration 
Adapted from: Tu 1986, Okawa and others 1999, Tuma 2005, Thawornchinsombut and 
others 2006. 
 
 
assignment of Raman modes for interpretation of protein structure is illustrated in Table 
2.1.  These protein structural changes based on relative intensity of each Raman band 
could elucidate the effects of comminuting factors on fish myofibrillar protein. 
 
Amide conformational region determining secondary structure 
  The traditional Raman bands determining secondary structure are obtained from 
stretching vibration of Amide I, II, and III from the polypeptide backbone (Tuma 2005).  
Raman band positions assigned for these vibrational modes and their intensity was useful 
for determining the structural change of protein molecules during particular treatments.  
The predominant secondary structure of surimi in the sol state (Thawornchinsombut and 
others 2006; Sánchez-González and others 2008; Sánchez-González and others 2009; Liu 17 
 
and others 2011) and fish muscle (Herrero 2008a) is a helical structure.  The transitional 
change from a helical structure and disorder to β-sheet is a result of denaturation, such as 
setting and heating (Carew and others 1975; Bouraoui and others 1997; Okawa and 
others 1999; Liu and others 2011; Xu and others 2011).   
Not only fish myofibrillar protein but pork loin muscle also demonstrated 
decreased α-helix along with increased β-sheet after the pork fat (1.7% protein) was 
heated (Shao and others 2011).  It was assumed that the transformation of helical 
structure to β-strand indicated a more well-organized protein molecule, which possibly 
results in higher gel qualities.  However, Thawornchinsombut and others (2006) reported 
decreased band intensity of Amide I from polypeptide backbone was attributed to α-helix 
and increased band intensity was assigned for β-sheet when surimi underwent 
freeze/thaw cycles in which gel hardness and cohesiveness were impaired during 
treatment.   
It should not be concluded that denaturation always lead to transformation of the 
secondary structure of myofibrillar protein.  Tadpitchayangkoon and others (2010) 
reported stabilization of the secondary structure of lyophilized catfish subjected to pH-
shift method (both acid and alkali-extraction).  No significant change of intensity at IR1263
R 
attributed to amide III (α-helix) was observed.  Nonetheless, β-strand disappeared during 
alkali-extraction but appeared concomitantly during the acid pH-shift processing. 
 
S-S stretching vibration strengthening gel qualities 
  Disulfide formation is a very important covalent bond for surimi gelation.  Each 
myosin and actin subunit contains approximately 40 and 10 sulfhydryl residues, 18 
 
respectively without any single disulfide bond (Nakai and Li-Chan 1988).  However, as 
surimi paste is comminuted and heated, interchain disulfide bonds through the cysteine 
residue were formed (Chan and others 1995).  Myosin during acidification demonstrated 
increased formation of disulfide bonds as well (Riebroy and others 2008).  A thorough 
understanding of this covalent bond would benefit the improvement of gel quality and 
texture.   
The band assigned to stretching vibration of disulfide bridge is observed near 510-
540 cmP
-1
P.  Three types of disulfide formations, which are “g-g-g,” “g-g-t,” and “t-g-t,” 
where “g” and “t” is gauche and trans, respectively; were described (Li-Chan and others 
1994; Tu 2002).  Prevalent type of disulfide bonds is different depending on protein 
characteristics.  Actomyosin of  silver carp (Liu and others 2011), tilapia, lemon sole, and 
ling cod (Okawa and others 1999) were similar to hen egg white lysozyme (Li-Chan and 
Nakai 1991) and gave a strong Raman band at 518-528 cmP
−1
P.  This indicated the 
predominant disulfide formation was a g-g-t type whereas an intensity near 508 cmP
−1
P 
attributed to g-g-g type S-S bridge was observed from whey protein (Nonaka and others 
1993), bovine serum albumin, and human serum albumin (David and others 2008).  
Increased Raman band assigned for disulfide formation during set, cook, and set/cook of 
surimi was determined (Bouraoui and others 1997; Okawa and others 1999).  This 
indicated oxidation of the sulfhydryl groups in surimi paste and the formation of disulfide 
bonds during setting and heating.  Bouraoui and others (1997) suggested that improved 
gel strength of whiting surimi gel that was set, cooked, and set/cooked was due 
toS Sincreased disulfide bonds.  David and others (2008) reported the transformation of 19 
 
disulfide interchain from "g-g-g" to ”g-g-t" formation when bovine and human serum 
albumin was treated with dithiothreitol. 
 
Tryptophan, tyrosine, and aliphatic amino acids delineating hydrophobic interaction 
  The doublet ratio of tryptophan (IR1360
R/I R1340
R) has been extensively used to indicate 
hydrophobic interactions (Harada and others 1986; Rodriguez-Mendieta and others 2005; 
Herrero 2008b) while the doublet ratio of tyrosine (IR850
R/I R830
R) designates the exposure of 
hydroxyl group on the aromatic ring (Tu 1986; Thomas 2002).  A high ratio of intensity 
of tryptophanyl doublet ratio suggests that tryptophan is buried inside the protein 
molecule.  Regarding tyrosyl doublet ratio, tyrosine residues are mainly exposed and their 
hydroxyl group involved in hydrogen bonding if intensity at band IR850
R is greater than IR830
R.  
Liu and others (2011) reported protein unfolding when 2.5% salt was added to fish and 
pork actomyosin with 70 and 80% increase in tyrosyl doublet ratio, respectively.  The 
same study observed the sign of protein aggregation during setting and cooking as 
significant decrease in this doublet ratio was obtained.  Bouraoui and others (1997) also 
demonstrated decreased tyrosyl doublet ratio of set-cooked whiting gel.  Similar results 
were reported in a study by Shao and others (2011) as this doublet ratio decreased 
indicating a higher rate of buried tyrosyl groups when pork fat was heated to 70 °C.  The 
doublet ratio of tryptophan (IR1360
R/I R1340
R) from the same study also demonstrated more 
hydrophobic interactions in which tryptophan residues were buried inside protein 
molecules.   
Another strong Raman band near 1450 cmP
-1
P that is attributed to the CHR2
R and CHR3
R 
vibration of aliphatic amino acids can be used for the determination of hydrophobic 20 
 
interactions.  The decrease of this band intensity suggests the environment surrounding 
the aliphatic side chains is less hydrophobic (Lippert and others 1976).  C-H stretching of 
aliphatic amino acids also shows Raman band at 2938 cmP
-1
P in which increased intensity 
indicates the exposure of aliphatic side chains (Herrero 2008b).  Precipitated rockfish 
protein (pH 5.5) prepared from conventional washing gave significantly low intensity at 
IR2938
R compared to alkali-treated protein (pH 11) indicating most of the aliphatic residues 
were buried inside (Thawornchinsombut and others 2006).   
 
2.2.2 Dynamic rheological measurement 
  The literal meaning of rheology is the science of deformation and flow of matter 
(British Standards Institution 1975).  However, its practical meaning is the study of the 
flow of materials that possess an unusual rheological behavior and do not fall into 
Hooke's law of elasticity or Newton's law of viscosity (Whorlow 1992).  These unusual 
materials are often called non-Newtonian fluids; their viscosity depends on shear rate and 
time of shearing.  For example, surimi paste possesses thixotropic behavior; viscosity 
increases with shear rate but decreases over time (Kim and others 2005a).    
 
2.2.2.1 Basic theory 
  Four terminologies in rheology; viscosity, elasticity, viscoelasticity, and 
elastoviscosity are used to explain the flowing or deforming behavior of matter over a 
period of time.  In viscous material, the applied energy is dissipated into the sample as 
heat while an elastic material stores the given energy in the form of elastic potential 
energy (Betten 2008).  However, some materials can be estimated as viscoelastic or 21 
 
elastoviscous materials if they have characteristics in combination; where under an 
applied force, energy is simultaneously stored and dissipated as heat.  The difference 
between viscoelastic and elastoviscous materials is that they both have elastic properties 
but the viscoelastic materials do not immediately return to the original shape after the 
force is removed regardless of the amount of time force is applied (Park 1997).  
Elastoviscous materials, on the contrary, can completely recover the elastic strain if the 
applied forced is removed instantly; however, they obey Newton's law of viscosity if 
stress is held for a period of time (Park 1997).   
  For viscoelastic materials such as surimi, a small amplitude oscillatory shear can 
be employed to determine their rheological properties (Rao 1999).  During rheological 
testing, a shear force in the form of small sinusoidally oscillatoric strain is applied to the 
surface of the samples and then the resistive energy is monitored.  The applied energy 
will also either be stored or dissipated as heat depending on characteristics of the sample.  
A perfect solid will elongate to the maximum deformation (strain) concurrently to the 
direction of applied force (stress) and recover back to original shape as the direction of 
force (rotational cone) returns to the inaugural position.  This behavior is called in-phase 
(0°) (Owusu-Apenten 2005).  In the case of an ideal liquid, the strain will be 90° out-of-
phase with the stress applied to the sample.  Therefore, when the stress is at its 
maximum, strain is zero.  And when the strain lags stress is between 0 to 90°, the sample 
is viscoelastic in nature.  The strain lags stress diagram is shown in Figure 2.2. 
  G' (storage modulus) and G'' (loss modulus), which are calculated from the 
stress/strain amplitude and phase lag as a function of time, are always used to determine 
the viscoelastic property of materials.  G' can be referred to the elastic property while G'' 22 
 
denotes the viscous property.  Note that viscous property (G") and viscosity (ɳ) even 
though both parameters have a similar meaning, the latter factor is the ratio of stress to 
the shear rate and is obtained from a viscometer where the spindle rotates in one direction 
upon measurement.   
  Another parameter that is typically used in rheology is phase angle.  This factor is 
calculated from the tangent of G''/G' and has values ranging between 0 - 90° (Mezger 
2006).  Phase angle conveys information about the characteristic of the sample; whether 
it is a viscous or elastic material.   
 
 
Figure 2.2  Stress versus strain response of an ideally elastic solid (A), a viscoelastic 
material (B), and an ideally viscous liquid (C).  Solid lines and filled triangles determine 
the position of rotational cone and deforming distance of sample.  Solid and dash sine 
curves denote stress and strain response, respectively.   
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2.2.2.2 Application of dynamic rheology on muscle protein 
Storage & Loss modulus 
  A rheogram of G'/G'' vs. time, temperature, stress, and frequency conveys a 
number of discursive frameworks.  For example, the onset of G' rising at a particular 
temperature determines the degree of protein unfolding; where a lower gelling 
temperature indicates less energy is required to unfold protein prior to aggregation 
(Poowakanjana and others 2012).  In other words, proteins that are already unfolded 
would enter the G' rise at lower temperatures.  Tadpitchayangkoon and others (2010) 
concluded that sarcoplasmic proteins subjected to acid extraction followed by isoelectric 
precipitation aggregated to a greater extent than their neutral pH extracted counterparts 
based on gelling temperature.   
A plot of G'/G'' vs. time at particular temperature can be a useful tool to evaluate 
the effect of enzymes, such as transglutaminase, during incubation time or setting.  
Joseph and others (1994) studied the effect of transglutaminase on rheological properties 
of crude actomyosin from Alaska pollock and Atlantic croaker.  They reported an overall 
increase of G' from both species during setting at 25 and 37 °C for 3 hours.   
  Dynamic rheometry has also been used extensively to explore the differences 
between  rheological properties of surimi and fish protein isolate (FPI).  The storage 
modulus of surimi paste normally gives a peak between temperatures of 30-40 °C 
depending on species followed by a decline in G' to a minimum value at temperatures 
between 40-50 °C; however, this trend was not observed from FPI (Yongsawatdigul and 
Park 2004; Kristinsson and Liang 2006).  It is suggested that the decline in G' is due to 
the denaturation of light meromyosin after forming the semi-gel like structure, causing 24 
 
the loss of fluidity from the protein matrix (Egelandsdal and others 1986; Fukushima and 
others 2005).  Light meromyosin is denatured during pH-shift processing and no longer 
able to form the semi gel.  Nonetheless, the transformation of G' at temperatures between 
30-40 °C of surimi paste could disappear if the comminution process was significantly 
extended (Poowakanjana and others 2012).   
Rheology can not only be used to determine gelation during heating; but 
rheological behavior of a gel upon cooling can be observed as well.  Westphalen and 
others (2005) studied the gelling ability of porcine myofibrillar protein adjusted to 
various pH and found that myofibrillar proteins (2.8% w/v) subjected to pH 5.6 achieved  
the highest G' at 5 °C.  The rheological assessment of gel forming ability during cooling 
was also evaluated by Kristinsson and Liang (2006). 
 
Phase angle 
   As mentioned earlier, an ideal liquid and perfect solid will have phase angle at 
90° and 0°, respectively.  When the phase angle is between 0-90°, it is considered a 
viscoelastic material.  However, for substances with gel forming ability, phase angle at 
45° should not be used as a transition phase from viscous to elastic material.  Instead, the 
point where the substrate phase changes from viscous to elastic material, the so called 
"gelation point", is obtained when log G'' equals log G'.   
Reed and Park (2011a), observed the gelation point of salmon myosin (17 
mg/mL) to be at 31.1 °C during constant heating, while the phase angle at that point was 
about 15°.  Gelation points of myosin (21.6 mg/mL) and heavy meromyosin (5.1 mg/mL) 
from tilapia were at 40 and 27 °C while phase angles were 60 and 35°, respectively (Reed 25 
 
and Park 2011b).  Kim and others (2005a) reported a gelation point of Pacific whiting 
myosin at 29 °C during temperature sweep  (10-70 °C) while phase angle decreased from 
70-10° in which the phase angle at the gelling point was 40°.   
In addition, not every substance with gelling ability will have a gelation point.   
Liu and others (Liu and others 2007) studied the rheological properties of Alaska pollock 
and pork paste during a temperature gradient.  Washed fish and pork mince were 
homogenized with 1 volume of cold water prior to the dynamic test.  They reported the 
storage modulus was always higher than the loss modulus during temperature sweep.  A 
similar result was obtained from squid surimi adjusted to 80% moisture content (Campo-
Deaño and others 2009).  Surimi paste from Alaska pollock, threadfin bream, and 
common carp (80% moisture content) at 10 °C also demonstrated a higher storage 
modulus during stress sweep (Jafarpour and Gorczyca 2009).  This suggested that paste 
even at low temperature possessed higher elastic properties; that is, the protein structure 
was capable of storing energy rather than letting it be dissipated as heat.  Kim and others 
(2005a) claimed that the crossover of G' and G" normally occurred in surimi paste with 
very low protein concentration. 
 
2.3 ANALYTICAL BIOCHEMISTRY TO DETERMINE PROTEIN 
FUNCTIONALITY OF SURIMI IN SOL STATE 
 
2.3.1 Salt soluble protein 
  Protein solubility is dictated by the relative proportion of surface hydrophobic 
(protein-protein interaction) and surface hydrophilic groups (protein-water interaction) 26 
 
(Damodaran 1989).  Because solubility is one of the most important factors among the 
functional properties of proteins, a number of methods, such as Lowry method, Biuret 
test, and Ultraviolet (UV) 280 nm absorption, have been developed to quantify the 
protein content in extracted solutions, such as 0.6 M KCl or 5% sodium dodecyl sulfate 
(SDS).  Nonetheless, the use of Bradford reagent will be extensively discussed in this 
section due to the fact that this method is several-folds more sensitive than the others 
mentioned above (Chang 2003).   
  Quantification of protein was obtained through the absorption of dye, (Coomassie 
Brilliant Blue G-250) using a spectrophotometer.  The G-250 dye is in doubly protonated 
red cationic form under acidic conditions with a maximum absorption at 465 nm 
(Bradford 1976; Sedmak and Grossberg 1977).  However, when the dye binds to protein, 
it gives up the protons and converts to a stable unprotonated blue form in which the 
maximum absorption is shifted to 595 nm (Figure 2.3) (Reisner and others 1975).  The 
dye binds specifically to arginine and other aromatic acid residues (Compton and Jones 
1985).  This binding is stabilized by the interaction between the hydrophobic domain of 
the dye and peptide backbone (Yada and others 1996).  The higher absorbance is 
proportional to more protein concentration in the sample.  This method is rapid, 
reproducible, and has no interference against polyphenol, sucrose, or cations; however, it 
is interfered with by SDS and the protein-dye complex also reacts with quartz cuvette 
(Chang 2003). 
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Figure 2.3  Coomassie Brilliant Blue G-250 and its color change due to pH 
 
2.3.2 Sulfhydryl content 
  Surimi gelation is a process involving protein unfolding followed by aggregation.  
The degree of protein unfolding/aggregation could be determined based on sulfhydryl 
content.  Denaturation, such as heat or acid/alkaline treatments, will unfold protein 
structure allowing the protein-protein interaction to occur through the disulfide 
interchange (Runglerdkriangkrai and others 1999).  The oxidation of sulfhydryl groups to 
disulfide formation contributes to the polymerization of protein that will improve the 
gelling ability (Liu and Xiong 2000).   
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  To quantify the free sulfhydryl group, a versatile water-soluble DTNB [5,5'-
dithio-bis-(2-nitrobenzoic acid)], known as Ellman's reagent, was introduced (Ellman 
1959).  One mole of DTNB stoichiometrically reacts with one mole of conjugate base  
(R   SP
-
P) of free sulfhydryl group of cysteine  releasing one mole of measurable yellowish 
TNBP
2- 
P(2-nitro-5-thiobenzoate anion) (Figure 2.4).  The amount of TNBP
2-
P is quantified by 
absorption spectroscopy at 412 nm (Riddles and others 1983).  Ellman's reagent does not 
require a standard curve for sulfhydryl content determination because TNBP
2-
P has a high 
molar extinction coefficient in the visible range (Lo and others 2004).   High number of 
molar extinction coefficient indicates how strongly a chemical substrate absorbs light at a 
specific wavelength.   Ellman (1959) reported the molar extinction coefficient of TNBP
2-
P 
to be 13,600 MP
-1
PcmP
-1
P at 412nm and pH 8.0.  This number has been used frequently in the 
literature.  However, the molar extinction coefficient of TNBP
2- 
Pdepends on the solvents. 
Extinction coefficient at 14,150 MP
-1
PcmP
-1
P (412 nm) was suggested for reaction in 0.1M 
sodium phosphate buffer pH 8.0 (Riddles and others 1979).  In addition, change in pH 
between 7.6-8.6 does not affect the molar extinction coefficient of TNBP
2-
P (Riddles and 
others 1983). 
  Free sulfhydryl content has always been reported in terms of total sulfhydryl 
(TSH) content and reactive sulfhydryl (SRSH) content.  The difference is that in the case 
of TSH, protein is completely unfolded by 8 M urea and incubation at 40 °C for up to 25 
min (Benjakul and others 1997).  Therefore, buried free sulfhydryl groups are exposed to 
the outside and can be quantified.  Comparing the TSH and SRSH contents reveals the 
unfolding/refolding and gelling behavior of fish protein (Yongsawatdigul and Park 2003; 
Reed and Park 2011a). 29 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4  The reaction of Ellman's reagent with free sulfhydryl group 
 
2.3.3 Surface hydrophobicity 
  Hydrophobic interaction is a tendency of non-polar molecules, when placed in 
polar solvent, to interact with one another (Chandler 2005).  Unfolded proteins will 
expose the non-polar residues to the environment.  These hydrophobic domains interact 
with each other and refold in order to minimize the disruptive effect on the hydrogen-
bond network of polar solvent (Alberts and others 2002); consequently, hydrophobic 
interactions increase.   
  ANS probe (1-anilinonaphthalene 8-sulphonate) has been widely used to 
determine the hydrophobic interaction of protein molecules (Samukange and others 
2012).  The ANS anionic is a specific hydrophobic probe for protein membrane (Slavik 
Oxidation30 
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1982).  The functionality of ANS probe has often been misunderstood that it is 
fluorescent when it binds with the hydrophobic domain of protein molecules.  In fact, the 
binding site takes place between sulfonate groups of ANS anion and cationic charge of 
the polar amino acids (NHR3
RP
+
P) (Matulis and Lovrien 1998).  The hydrophobic interaction 
between ANS anion and non-polar amino acid subsequently occurs.  As a result, ANS 
anions become fluorescent because they are no longer surrounded by water molecules 
(Kirk and others 1996).  Matulis and others (1999) purposed the model of ANS binding 
to bovine serum albumin as illustrated in Figure 2.5.  They claimed that only ANS in 
position A, which is not accessible to water quenching, will be fluorescent.  ANS that is 
surrounded by hydrophilic molecule (position B) will not produce fluorescence.  The 
degree of fluorescence is proportional to the number of ANS anions that are surrounded 
by non-polar residues.   
 
 
 
Figure 2.5  Simulation of 
ANS binding to proteins.  
ANS in position A is 
surrounded by hydrophobic 
molecule while in position 
B is exposed to the 
hydrophilic environment.  
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3.1 ABSTRACT 
  Rheological and Raman spectroscopic properties of surimi from three species 
[Alaska pollock (AP) (cold water), Pacific whiting (temperate water), and threadfin 
bream (warm water)] were investigated as affected by various chopping conditions.  
Comminuting Alaska pollock surimi at 0 °C demonstrated superior gel hardness and 
cohesiveness when chopping time was extended to 15-18 min; however, long chopping 
time at higher temperatures resulted in a significantly decreased gel texture particularly at 
20 °C.  Warm water fish threadfin bream exhibited higher gel texture when chopping was 
done longer at higher temperature.  Rheological properties were significantly affected by 
both chopping time and temperature.  Species effect, based on their thermal stability, was 
readily apparent.  Raman spectroscopy revealed a significant change in disulfide linkage 
and the reduction of secondary structure upon extended chopping.  Dynamic oscillation 
rheology demonstrated the damage of light meromyosin and lowering of onset of gelling 
temperature as the chopping time was extended. 
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3.2 INTRODUCTION 
  Many fish species have been utilized for surimi production, but regardless of fish 
species, gel preparation is accomplished by grinding or chopping with 2-3% salt.  
Chopping is suggested to continue until the temperature reaches 7-10 °C (Lee 1984).  The 
resulting paste is cooked at high temperature (90 °C) with or without setting at room 
temperature (20-25 °C) in some purposes.  This procedure is used in industry based on 
Alaska pollock (AP) as a major species for surimi.  Because actomyosin of Alaska 
pollock is thermally sensitive, it does not gel but coagulates as the protein is denatured 
and damaged during chopping at high temperature.  Since gelation properties depend on 
maintaining protein functionality, comminution was recommended to be completed at 
lower than 10 °C.  This method was applied to all fish species during the production of 
surimi and surimi seafood although scientists had realized the relationship between 
thermal stability and habitat temperature of each fish (Hemung and others 2008; 
Kishimura and others 2010; Chun and others 2011).  
  Because cold water fish is more susceptible to thermal denaturation than warm 
water fish, the effect of final chopping temperature was studied by Esturk and others 
(2004).  They found that maximum gel strength could be obtained when the final 
chopping temperature was corresponded to their habitat temperature.  Alaska pollock 
living in extremely cold water demonstrated its highest gel strength at final chopping 
temperature near 0 °C.  Chopping completion at higher temperature significantly 
minimized gel quality.  The gel strength of Pacific whiting surimi, which is a temperate 
water fish, was not affected significantly during chopping at 5-15 °C.  However, warm 
water fish species exhibited the highest gel strength at 20 °C chopping (big eye, 34 
 
lizardfish), and 25 °C chopping (threadfin bream).  It is worthwhile to note that the early 
study (Esturk and others 2004) was conducted with 6 min chopping time and various 
final temperatures using different surimi temperatures before chopping.  In addition, the 
relation between environmental habitat and the optimum setting temperatures was 
revealed by Kato and others (1984) suggesting that the setting temperature for Alaska 
pollock, white croaker, and tilapia were at 5, 25, and 40 °C. 
  Partially thawed surimi or hydro-flaked frozen surimi is commercially used at the 
beginning of the chopping process.  This means the use of frozen surimi would take a 
longer time for the sample to reach certain temperatures.  Long chopping time is likely to 
cause the conformational change of fish proteins, but these changes were elusive for 
particle size reduction.  This is because fish myofibrillar proteins are not reduced in size 
by chopping, but solubilized during salt-chopping.  A key to gelation is first to denature 
(unfold) the proteins and to let the denatured proteins be aggregated.  Long chopping 
time, beyond a certain point, may enhance the denaturation and disintegration of the 
protein structure; thereby, promoting the quality of surimi gel in the case of warm water 
fish or diminishing it in the case of cold water fish.  Raman spectroscopy would be an 
important tool to determine the structural changes of the solid-state surimi paste as 
affected by various comminution conditions.  It could reveal the microenvironment of 
hydrophobic, aliphatic, and aromatic side chains as well as the disulfide formation, and 
changes in secondary structure of fish proteins (Okawa and others 1999; 
Thawornchinsombut and others 2006; Tadpitchayangkoon and others 2010; Liu and 
others 2011). 35 
 
  The objective of this study was to investigate the effect of comminution variables 
(both chopping time and temperatures) on rheological properties and Raman 
spectroscopic properties of various surimi. 
 
3.3 MATERIALS AND METHODS 
Materials 
  Alaska pollock (AP) (Theragra chalcogramma) surimi (“A” grade: approximately 
3 frozen months old with 5% sorbitol, 4% sucrose, and 0.3% phosphate as 
cryoprotectants) was obtained from American Seafoods (Seattle, WA, USA).  Pacific 
whiting (PW) (Merluccius productus) surimi (“A” grade: approximately 4 frozen months 
old with 5% sorbitol, 4% sucrose, and 0.3% phosphate as cryoprotectants) was obtained 
from Trident Seafoods (Seattle, WA, USA).  Threadfin bream (TB) (Nemipterus spp.) 
surimi (“SA” grade: approximately 2 frozen months old with 6% sucrose and 0.2% 
phosphate as cryoprotectants) surimi was obtained from Mana Frozen Foods, Bangkok, 
Thailand.   
 
Surimi paste preparation  
  Upon arrival, frozen surimi was cut into cubes (approximately 1000 g), sealed in a 
vacuum bag, kept at -18 °C, and used within 5 mo.  Frozen surimi was partially thawed at 
room temperature for 1 h to have the core temperature approximately -5 °C.  Sample 
(cubes with approximately 2 cmP
3
P) was chopped at 1800 rpm for 1 min using a silent 
cutter (UM 5 universal, Stephan Machinery Corp, Columbus, Ohio., U.S.A.).  Chopping 
was continued at 1800 rpm for 1 min with 2% salt.  Moisture content was adjusted to 36 
 
78% using ice before chopping at 1800 rpm for another 1 min.  Chopping was then 
continued at 3600 rpm under vacuum (40-60 kPa) until chopping time totaled 6, 9, 12, 
15, 18, and 21 min.  Chopping AP surimi at 0 and 10 °C, and PW surimi at 5 °C was 
performed in a walk-in freezer (-30 °C).  Chopping AP surimi at 20 °C, PW at 15 and 20 
°C, and TB surimi at 15, 25, and 30 °C was done at room temperature using a chopping 
bowl equipped with circulating coolant (-5 °C).  During chopping, once the surimi paste 
sample reached a target temperature, chopping was halted until the temperature of the 
paste cooled down by 5 °C from the target temperature.  Chopping continued on and off 
until the accumulated chopping time reached its target.  Since comminution variables 
(time and temperature) were dependent on each other, chopping was switched on and off 
to fulfill two variables while controlling temperature.  In our preliminary study, the linear 
relationship between chopping time and paste temperature was observed.  With the use of 
a circulating coolant at -5 °C, the temperature rose linearly from -5 to 30 °C by 
continuous chopping at 1,800 rpm for 3 min and at 3,600 rpm for the next 18 min, 
resulting in a heating rate of 1.67 °C/min 
 
Raman spectroscopic analysis 
  According to the method of Tadpitchayangkoon and others (2010) with a slight 
modification, the structural change of surimi paste from various comminution conditions 
was measured using a FT-Raman spectrometer (NXR FT-Raman module, Thermo 
Scientific Inc., Waltham, MA, U.S.A.) at room temperature with the use of the 
dynamically aligned Vecta-Plus interferometer installed in the FT-IR bench (Nicolet 
6700, Thermo Scientific Inc., Waltham, Mass., U.S.A.).  Approximately 0.5 g of sample 37 
 
was taken from the chopping bowl and immediately applied on glass microscope slide.  
The slide was placed in the instrument and Raman spectral data were collected using the 
fundamental of a Nd:YLF laser (1064 nm) as the source and an InGaAs detector.  The 
spectral data were collected using a resolution of 4.0 cmP
−1
P over a range of 399.13 to 
4001.56 cmP
−1
P.  The final spectra were an average of 100 scans and were smoothed using 
a standard smoothing routine in OMNIC Professional software version 7.3.  The 
presented spectra and intensities were the average of 4 measurements from duplicate 
samples.  Normalization of individual band intensities was done using the peak near 1004 
cmP
−1
P as an internal standard.  This peak is attributed to phenylalanine amino acid, which 
was insensitive to the microenvironment (Li-Chan and others 1994).  Assignments of the 
bands in the spectra to the vibrational modes of the protein were made according to 
previous studies (Okawa and others 1999; Herrero 2008b). 
 
Oscillatory dynamic measurement 
  The surimi paste was subjected to a temperature sweep to measure heat-induced 
gelation using a CVO rheometer (Malvern Instruments Ltd., Worcestershire, UK.).  
Sample was applied between cone (4° and 40 mm diameter) and plate with a gap of 150 
μm.  Sample was covered by a trapper with moistened sponge to avoid sample drying out 
during heating.  Sample was heated from 20-90 °C at a heating rate of 1 °C/min and a 
fixed frequency of 0.1 Hz.  Shear stress of 100 Pa, which was in the linear viscoelastic 
region, was applied to the sample during testing. 
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Gel preparation and fracture gel evaluation  
  The paste prepared above was packed into a polyethylene bag and subjected to a 
vacuum machine (Reiser VM-4142; Roescher Werke, Osnabrueck, Germany) to remove 
air pockets.  The paste was stuffed into a nylon tube (Nylatron MC 907; Quadrant 
Engineering Plastic Products, Reading, Pa., U.S.A.) with a 3 cm inner diameter and 
approximately 15 cm length.  The paste was ohmically cooked at a voltage gradient of 
12.62 V/cm with settings of 250 V and 10 kHz.  The sample temperature reached 90 °C 
in approximately 30-36 sec and the sample was held at 90 °C for 1 min.  Gels were 
placed in a plastic bag, submerged in cold ice/water for 15 min, and stored overnight in a 
refrigerator (4 °C).  On the next day gels were held at room temperature for 2 h prior to 
gel testing.  Gel samples were cut into 30 mm long specimens and subjected to the 
penetration test using a texture analyzer (TA-XT plus, Texture Technologies Corp, N.Y., 
U.S.A.).  Upon puncturing gels by a spherical probe (5 mm diameter) penetrated at 1 
mm/sec speed, breaking force (g) and penetration distance (mm) upon fracture were 
recorded.  Breaking force denotes the strength of gels and penetration distance indicates 
sensory cohesiveness (hereafter cohesiveness) (Lanier and others 1985).  Ten specimens 
were tested per treatment. 
 
Statistical analysis 
  The experiment was conducted as a completely randomized design.  All data were 
subjected to an ANOVA and means separations were performed using Tukey’s test in 
SPSS (version 13) software package (SPSS Inc., Chicago, Ill., U.S.A.) with statistical 
significance at a level of p < 0.05.  Two different surimi batches were used during 39 
 
testing.  However, data were pooled across the batches for testing as no differences were 
found due to the batch effect. 
 
3.4 RESULTS AND DISCUSSION 
Raman spectroscopy 
  The Raman bands at 1645-1685 cmP
-1
P, assigning to the C=O stretching vibrations 
of amide I groups, was used to determine the secondary structure of protein (Herrero 
2008b).  The Raman band at I R1656
R attributing to α-helix structure was more intense than 
those at IR1668
R assigning for β-sheet structure showing the raw surimi contained 
predominantly the helical structure (Table 3.1-3.3).  This trend was observed in all 
samples indicating that the majority of secondary protein structure was not changed due 
to chopping time and temperature.  Bouraoui and others  (1997) demonstrated the 
significant decrease in α-helix structure followed by the increase in β-sheet structure of 
the amide I (1590-1720 cmP
-1
P) and amide III (1220-1310 cmP
-1
P) bands when Pacific 
whiting surimi was set, cooked, or set-cooked.  This indicated the gelling occurred due to 
the unfolding of the helical structure accompanied by the formation of β-sheet during 
either setting or cooking at higher temperature.  In this study, the consistency of surimi 
became more viscous and elastic when chopping time was extended in all chopping 
temperatures.  It was postulated that surimi paste might undergo the setting process 
during long chopping time; for examples, AP0-21 (103 min), PW5-21 (69 min), and 
TB15-21 (62 min).  Although evidence showed AP could set gel at 5 °C within 22 h 
(Klesk and others 2000) and there was no sign of setting for TB at the pre-incubation 
temperature below 40 °C (Yongsawatdigul and Park 2003), the optimum setting  40 
 
Table 3.1  Normalized intensity at selected regions of Raman spectra of AP surimi paste 
as affected by various comminution conditions. 
    Normalized intensity P
a 
Peak 
assignment 
Wavenumber 
(cmP
-1
P) 
AP0-6  AP0-21  AP10-21  AP20-21 
Amide I (ʱ)  1656 
1.070 ± 
0.026 a 
0.987 ± 
0.040 a 
1.008 ± 
0.038 a 
0.833 ± 
0.072 b 
Amide I (β)  1668 
1.020 ± 
0.025 a 
0.923 ± 
0.013 a 
0.913 ± 
0.051a 
0.777 ± 
0.068 b 
Amide III (ʱ)  1304 
1.128 ± 
0.012 a 
1.044 ± 
0.052 a 
1.065 ± 
0.019 a 
0.908 ± 
0.051 b 
Amide III (β)  1232 
0.891 ± 
0.016 a 
0.853 ± 
0.019 ab 
0.845 ± 
0.051 ab 
0.787 ± 
0.042 b 
S-S stretching  540 
1.247 ± 
0.052 b 
1.583 ± 
0.072 ab 
1.607 ± 
0.102 a 
1.675 ± 
0.109 a 
RRTrp  1360/1340 
0.728 ± 
0.009 a 
0.736 ± 
0.008 a 
0.734 ± 
0.017 a 
0.719 
±0.026 a 
RRTyr  850/830 
1.131 ± 
0.038 a 
1.086 ± 
0.021 a 
1.083 ± 
0.050 a 
1.067 ± 
0.023 a 
Aliphatic  
amino acids 
1450 
1.475 ± 
0.046 a 
1.385 ± 
0.065 a 
1.361 ± 
0.039 a 
1.162 ± 
0.075 b 
ν CH  2940 
2.523 ± 
0.215 a 
2.377 ± 
0.194 a 
2.260 ± 
0.192 a 
2.203 ± 
0.201 a 
AP denotes Alaska pollock.  Chopping temperature for each sample was then denoted 
followed by chopping time.  P
a
P Mean values followed by different letters in the same row 
are different (p < 0.05).  RRTrp
R and RRTyr
R denote the doublet ratio of tryptophan and 
tyrosine, respectively. 
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Table 3.2  Normalized intensity at selected regions of Raman spectra of PW surimi paste 
as affected by various comminution conditions. 
    Normalized intensity P
a 
Peak assignment 
Wavenumber 
(cmP
-1
P) 
PW5-6  PW5-21  PW20-21 
Amide I (ʱ)  1656 
1.053 ± 
0.015 a 
1.037 ± 
0.040 ab 
0.880 ± 
0.010 b 
Amide I (β)  1668 
0.943 ± 
0.036 a 
0.908 ± 
0.057 a 
0.817 ± 
0.025 ab 
Amide III (ʱ)  1304 
1.094 ± 
0.027 a 
1.042 ± 
0.057 a 
0.970 ± 
0.057 ab 
Amide III (β)  1232 
0.847 ± 
0.015 a 
0.824 ± 
0.044 a 
0.772 ± 
0.010 a 
S-S stretching  540 
1.458 ± 
0.065 b 
1.606 ± 
0.199 ab 
1.970 ± 
0.078 a 
RRTrp  1360/1340 
0.771 ± 
0.017 a 
0.743 ± 
0.024 a 
0.790 ± 
0.018 a 
RRTyr  850/830 
1.102 ± 
0.043 a 
1.060 ± 
0.037 a 
1.078 ± 
0.045 a 
Aliphatic  
amino acids 
1450 
1.377 ± 
0.060 a 
1.275 ± 
0.034 ab 
1.169 ± 
0.006 b 
ν CH  2940 
2.300 ± 
0.192 a 
1.960 ± 
0.014 ab 
1.893 ± 
0.075 b 
PW denotes Pacific whiting.  Chopping temperature for each sample was then denoted 
followed by chopping time.  P
a
P Mean values followed by different letters in the same row 
are different (p < 0.05).  RRTrp
R and RRTyr
R denote the doublet ratio of tryptophan and 
tyrosine, respectively. 
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Table 3.3  Normalized intensity at selected regions of Raman spectra of TB surimi paste 
as affected by various comminution conditions. 
    Normalized intensity P
a 
Peak 
assignment 
Wavenumber 
(cmP
-1
P) 
TB15-6  TB15-21  TB25-21  TB30-21 
Amide I (ʱ)  1656 
1.160 ± 
0.035 a 
1.133 ± 
0.032 ab 
1.070 ± 
0.020 b 
1.050 ± 
0.010 b 
Amide I (β)  1668 
1.030 ± 
0.062 a 
1.000 ± 
0.026 a 
0.967 ± 
0.032 ab 
0.943 ± 
0.015 a 
Amide III (ʱ)  1304 
1.169 ± 
0.044 a 
1.120 ± 
0.003 a 
1.114 ± 
0.050 a 
1.053 ± 
0.066 b 
Amide III (β)  1232 
0.905 ± 
0.036 a 
0.845 ± 
0.023 bc 
0.877 ± 
0.012 ab 
0.814 ± 
0.020 c 
S-S stretching  540 
1.024 ± 
0.075 c 
1.526 ± 
0.072 b 
1.632 ± 
0.112 ab 
1.846 ± 
0.134 a 
RRTrp  1360/1340 
0.759 ± 
0.034 a 
0.780 ± 
0.017 a 
0.755 ± 
0.018 a 
0.778 ± 
0.009 a 
RRTyr  850/830 
1.069 ± 
0.038 a 
1.037 ± 
0.035 a 
1.056 ± 
0.027 a 
1.036 ± 
0.051 a 
Aliphatic  
amino acids 
1450 
1.606 ± 
0.056 a 
1.455 ± 
0.061 b 
1.459 ± 
0.035 b 
1.438 ± 
0.019 b 
ν CH  2940 
2.530 ± 
0.121 a 
2.207 ± 
0.006 ab 
2.110 ± 
0.017 ab 
2.067 ± 
0.206 ab 
TB denotes threadfin bream.  Chopping temperature for each sample was then denoted 
followed by chopping time.  P
a
P Mean values followed by different letters in the same row 
are different (p < 0.05). RRTrp
R and RRTyr
R denote the doublet ratio of tryptophan and tyrosine, 
respectively. 
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conditions of both species might be shifted to the lower temperature and within a shorter 
time due to an extreme chopping duration.  However, this hypothesis was found wrong as 
the Raman band of sheet structure of amide I  (1668 cmP
-1
P) and amide III (1232 cmP
-1
P) in 
all fish species did not increase when chopping time was extended and at higher 
temperature (Table 3.1-3.3).  Therefore, higher viscosity and elasticity of surimi paste 
observed upon chopping must be due to another factor.   
  Carew and others (1975) stated that the peak at IR1304
R is assigned to fibrous alpha-
helical conformation of the myosin, particularly for light meromyosin (LMM).  Since it 
was expected that long chopping time could unfold and dissociate the LMM, a significant 
decrease (p < 0.05) in helical structure of amide III in AP20-21 (Table 3.1) and TB30-21 
(Table 3.3) indicated that long chopping time at 20 and 30 °C could disrupt the LMM of 
AP and TB surimi, respectively.  However, this decrease was not observed from PW 
surimi between 5 and 20 °C probably due to its slightly higher thermostability.  It can be 
postulated that long chopping time at temperature higher than 20 and 30 °C is likely to 
unfold LMM of AP and TB, respectively, resulting in decreased intensity at 1304 cm P
-1
P.  
The intensity at the same Raman band of AP10-21 slightly decreased (p > 0.05) 
compared to AP0-6 indicating that chopping at 10 °C might not be an extreme condition 
for AP surimi.   
  Disulfide formation of cysteine appears at Raman bands between 510 and 540  
cmP
-1
P.  There are three types of disulfide bonding which are “g-g-g,” “g-g-t,” and “t-g-t,” 
where “g” and “t” is gauche and trans, respectively (Li-Chan and others 1994).  In this 
study, “t-g-t” disulfide formation appeared to be the predominant structure as the Raman 
band reached the peak at 540 cmP
-1
P region.  Liu and others (2011) observed strong Raman 44 
 
band at 518 cmP
−1
P indicating the predominant disulfide formation was a g-g-t type for 
silver carp.  However, Raman band at 535–548 cmP
-1
P, attributed to t-g-t disulfide 
formation, increased significantly when raw paste was mixed with salt followed by 
setting and cooking.  In this study, the intensity of this band significantly increased (p < 
0.05) when paste from all three species was chopped longer at higher temperature.  This 
suggested that the disulfide formation was promoted at high chopping temperature and 
even occurred during the chopping. 
  Another way to determine the structural change of myofibrillar protein is the 
intensity ratio of tyrosine (Tyr) and tryptophan (Trp) (Herrero 2008b).  The increase in 
doublet ratio I R850
R/I R830
R indicates that the tyrosine residue was exposed and tertiary 
structure was opened to a greater extent (Thomas 2002), while an increase in 
tryptophanyl doublet ratio IR1360
R/I R1340
R suggests how well tryptophan residues are buried 
inside (Tu 1986).  There was no significant difference (p > 0.05) in doublet ratio IR850
R/I R830
R 
and IR1360
R/I R1340
R in all fish species indicating Tyr and Trp were not exposed to the 
hydrophilic environment.  It was assumed that increase in disulfide bonding resulted in 
stability of these ratios.  This was in disagreement with the result revealed in chapter 4 
where surface hydrophobicity (ANS probe) of surimi paste significantly increased as a 
result of long chopping time.  By comparison the Raman data to the result of surface 
hydrophobicity, the doublet ratio of tryptophan and tyrosine was expected to change in a 
way that these two residues were exposed to the outside.  Considering the sample used 
for determination of surface hydrophobicity, surimi paste was extracted in 0.6 M KCl 
solution and homogenized.  But Raman spectroscopy examined surimi paste in the solid 45 
 
state.  Surimi paste in the solid state might not have enough space to expose their 
hydrophobic domains. 
  The vibration of CH2 and CH3 bending on the side chain of aliphatic amino acids 
appears at IR1450
R.  These aliphatic amino acids such as leucine, isoleucine, and valine 
usually remain inside the protein molecule.  A decrease in this band intensity always 
refers to a decrease in hydrophobic interaction of aliphatic residues.  Tadpitchayangkoon 
and others (2010) observed this trend when sarcoplasmic proteins of catfish were 
extracted at pH 3 and 11 where protein is highly soluble.  As shown in Table 3.3, a 
significant decrease (p < 0.05) in intensity of IR1450
R was obtained when chopping time of 
threadfin bream was extended from 6 to 21 min regardless chopping temperature; 
however, AP (Table 3.1) and PW (Table 3.2) showed a significant decrease (p < 0.05) 
only when it was chopped for 21 min at 20 °C.  In other words, extending chopping time 
at cold temperature did not affect the environment around aliphatic amino acids.  This 
supported the idea that long chopping time at 25-30 °C could enhance the opening of the 
tertiary structure of myofibrillar protein.  A slight decrease in IR2940
R attributed to the C–H 
stretching was observed in all samples.  Little interpretation on this C–H stretching band 
has been published.  However, Careche and Li-Chan (1997) suggested that this spectra 
related to the hydrophobic interaction of aliphatic residue. 
 
Oscillatory dynamic rheology 
  Distinctive different patterns in storage modulus (G') among treatments were 
found between 30 and 45 °C where light meromyosin (LMM) plays a role in gelation.  G’ 
of AP0-6 started to increase at 30 °C and reached the first peak at 35 °C (Figure 3.1).  46 
 
This formation was suggested to be due to the cross-linking of LMM (Egelandsdal and 
others 1986; Fukushima and others 2005; Reed and Park 2011b).  As the temperature 
increases to around 40 °C, this semi gel-like structure may be disrupted and release a 
fluid, resulting in decreased G'.  However, the onset rise of G' at 30 °C disappeared when 
pollock surimi was chopped for 21 min regardless of chopping temperature indicating the 
LMM possibly fully unfolded and partially aggregated during chopping.  Therefore they 
were not able to form a semi gel-like structure during the temperature sweep around 35-
36 °C.  This result correlates with the Raman spectra: thereby, suggesting that the 
unfolding is followed by partial aggregation of the LMM as the helical structure 
decreased (Table 3.1-3.3).  G' started to constantly rise at 45 °C indicating actomyosin 
could not be completely denatured by long time chopping.  G' reached its maximum 
value at 75-80 °C.  Normally higher G', at the point where gelation was completed, 
determines the higher elasticity related to penetration distance.  The AP0-6 demonstrated 
significantly lower G' between 70 and 80 °C than those of AP0-12 and -21 indicating 6 
min chopping at 0 °C is not enough to extract myofibrillar proteins.  Although AP10-21 
demonstrated the highest G' between 70 and 80 °C, there was no significant difference (p 
> 0.05) on penetration distance of AP10 regarding chopping time.  This is likely due to 
two distinctive heating rates applied: ohmic cooking (approximately 135 °C/min) for 
fracture gels and slow cooking rate (1 °C/min) for temperature sweep.  Some species 
such as AP (high and premium grade) performed better gel texture with slow cooking rate 
while the other such as PW performed well with fast cooking (Park 2005). 47 
 
  It should be noted that elastic modulus (G') declined after heating beyond 75-80 
°C.  The decreased G' beyond this point was likely due to the slipperiness of gel between 
cone and plate  (Zhao and Macosko 2002).  The increase in shear force could magnify the  48 
 
Figure 3.1  Changes in storage modulus (G') of AP surimi paste as affected by various 
chopping conditions.  Numbers in the rheograms indicate onset of G' rising (°C).  
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Figure 3.2  Changes in storage modulus (G') of PW surimi paste as affected by various 
chopping conditions.  Numbers in the rheograms indicate onset of G' rising (°C). 
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Figure 3.3  Changes in storage modulus (G') of TB surimi paste as affected by various 
chopping conditions.  Numbers in the rheograms indicate onset of G' rising (°C). 
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slippage.  Higher shear force overcame the friction force that was significantly reduced 
when surimi gel is formed. 
  Similar to AP, the rheological properties of PW and TB are shown in Figure 3.2 
and 3.3, respectively.  A peak between 30 and 40 °C decreased gradually as the chopping 
time for PW paste was extended.  This transition peak also diminished from all TB 
samples as chopping time and temperature increased compared to TB15-6.  Raman 
spectrum at IR1304
R showed a decrease in the helical structure of amide III of PW (p > 0.05) 
and TB (p < 0.05). 
  The onset of G' rising indicated the temperature where the paste transformed from 
sol to gel (Egelandsdal and others 1986).  It also demonstrated the degree of protein 
unfolding during various comminution conditions.  High onset of G' refers to high 
stability of protein requiring high thermal energy for unfolding prior to aggregation.  The 
decrease of onset temperature by extending chopping time and increasing chopping 
temperature was observed in all 3 species.  This suggested that protein unfolding was 
initiated as myofibrillar proteins were comminuted further with salt and/or thermal 
energy developed by physical force. 
 
Gel texture evaluation 
  The comminution of AP0 required longer chopping (at least 12 min) to see the 
improved gel hardness (Figure 3.4) and cohesiveness (Figure 3.5).  Gel quality was 
maximized at 18 min chopping, but decreased at 21 min chopping, indicating excessive 
chopping can unfold proteins even at 0 °C.  The protein unfolding by longer chopping 
time was revealed by Raman spectroscopy (Table 3.1-3.3) as seen from the slightly 52 
 
reduced secondary structure (α-helix and β-sheet).  Unfolded protein might partially 
aggregate during chopping (for 21 min) resulted in impaired hardness and cohesiveness 
of AP gel.  Since unfolding of protein is a first step for gelation and is affected by both 
temperature and time, chopping for only 6 min at 10-20 °C seemed to be enough for AP 
proteins to be fully unfolded as did longer chopping at 0 °C for 15-18 min.  Six min 
chopping was enough for AP proteins to be unfolded at these relatively elevated 
temperatures.  However, when chopping time extended further, 18 min was a transitional 
point for 10 °C chopping and 15 min for 20 °C chopping.  This indicates that AP surimi 
proteins are more thermally sensitive to temperature between 10 and 20 °C than threadfin 
bream. 
  A significant increase in hardness and cohesiveness of AP gel was observed when 
chopping was conducted at 10-20 °C for 6-15 min or at 0 °C for 15 min.  However, in the 
commercial production of crabstick, final chopping temperature at 10-20 °C would not be 
desired because thermally sensitive AP surimi paste is likely to set at 5-25 °C depending 
on holding time (Lanier and others 2005).  Paste with higher temperature would set 
during holding (typically 20-30 min) before extruding onto the cooking belt (Park 2005).  
Therefore, chopping at 0 °C for 15 min would be the best for AP surimi. 
  Hardness and cohesiveness of AP surimi gel did not change significantly (p > 
0.05) when chopped for 18 (10 °C) and 15 min (20 °C).  This was not in agreement with 
the study of Esturk and others (2004) where shear stress significantly decreased when 
chopping temperature was not strictly controlled between 0 and 5 °C.  The current study 
used partially frozen surimi (-5 °C) at extended chopping time to obtain final  
 53 
 
Figure 3.4  Hardness of Alaska pollock (AP), Pacific whiting (PW), and threadfin bream 
(TB) surimi gel.  The numbers vertically listed on each bar indicate final chopping 
temperature (ºC) and the whole preparation time (min) including chopping and cooling 
time, respectively.
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Figure 3.5  Cohesiveness of Alaska pollock (AP), Pacific whiting (PW), and threadfin 
bream (TB) surimi gel.  Numbers on each bar indicate as similar as those in Figure 3.4. 
0 
4 
8 
12 
16 
20 
6  9  12  15  18  21 
P
e
n
e
t
r
a
t
i
o
n
 
d
i
s
t
a
n
c
e
 
(
m
m
)
  0 °C    10 °C    20 °C   
0 
4 
8 
12 
16 
20 
6  9  12  15  18  21 
P
e
n
e
t
r
a
t
i
o
n
 
d
i
s
t
a
n
c
e
 
(
m
m
)
  5 °C    15 °C    20 °C   
0 
4 
8 
12 
16 
20 
6  9  12  15  18  21 
P
e
n
e
t
r
a
t
i
o
n
 
d
i
s
t
a
n
c
e
 
(
m
m
)
 
Chopping time (min) 
15 °C    25 °C    30 °C   
AP 
PW 
TB 
18 
18 
20 
44 
0 
12 
5 
8 
5 
8 
0 
25 
10 
12 
12 
12 
0 
43 
10 
25 
0 
62 
10 
37 
20 
31 
0 
82 
10 
50 
0 
103 
 
10 
64 
 
20 
59 
5 
8 
5 
8 
5 
8 
5 
19 
12 
12 
12 
12 
5 
32 
15 
20 
18 
16 
5 
44 
15 
33 
20 
25 
5 
56 
15 
47 
20 
36 
5 
69 
15 
62 
20 
48 
27 
24 
5 
8 
 
12 
12 
 
15 
20 
 
15 
33 
15 
47 
15 
62 
12 
12 
 
18 
15 
23 
20 
25 
28 
25 
39 
12 
12 
 
18 
15 
23 
20 
30 
29 
5 
8 
 
5 
8 
 55 
 
temperatures 10 and 20 °C, while the past study used relatively warmer surimi for 6 min 
chopping to obtain various final temperatures. 
  There was no significant difference (p > 0.05) in breaking force and penetration 
distance of PW5 regarding chopping time.  A slight increase in breaking force was 
obtained from PW15 and 20.  They reached the maximum value by chopping for 12 min 
(15-18 °C final chopping temperature).  As the chopping was continued beyond 12 min at 
15 °C, no significant change (p > 0.05) in hardness and cohesiveness of PW gel was 
observed; however, PW20 demonstrated the downtrend of breaking force and penetration 
distance.  This indicated that the combination of long chopping time with high chopping 
temperature at 20 °C was too extreme for PW as it negatively affected gel qualities. 
Without significant increase (p > 0.05) in penetration distance, the optimum chopping 
temperatures fell between 5 and 20 °C, which are habitat temperatures of this temperate 
fish species. 
  TB surimi exhibited the superior texture when chopping was conducted at 25-30 
°C at extended chopping time (15-21 min) (Figure 3.4 and 3.5).  As expected, 6-9 min 
chopping at all temperatures was not enough for TB surimi proteins to be unfolded due to 
its high thermal stability.  They showed the lowest gel hardness and cohesiveness.  A 
striking increase from 9-12 min chopping was probably caused by the dual effects 
(chopping time & temperature): the real paste temperature at 9 and 12 min chopping was 
12 and 18 °C, respectively.  Further extended chopping time (from 12-21 min) at 15 °C 
did not increase gel hardness and cohesiveness.  However, increasing chopping 
temperature could obtain the highest breaking force (TB30-18) and penetration distance 
(TB25/TB30-15).  Further extended chopping (21 min) will not be recommended at 30 56 
 
°C due to reduced penetration distance.  This indicated that although myofibrillar proteins 
from threadfin bream is relatively stable to higher chopping temperatures (25-30 °C) 
comparing to Alaska pollock, the paste held at these temperatures for 24-39 min 
demonstrated the enhanced denaturation, resulting in reduced gel quality. 
  The thermal stability of AP and TB was extensively reported.  AP myosin showed 
an onset shoulder of the first endothermic transition at below 15 °C (Fukushima and 
others 2003) and could set gel at 5 °C (Klesk and others 2000).  Yongsawatdigul and 
Park (2003) studied the thermal denaturation of TB actomyosin and found that protein 
solubility started to decrease at 40 °C while outstanding increase in surface 
hydrophobicity and reactive SH content were observed between 30 and 40 °C.  The same 
study also reported decreased α-helix content of TB as protein solution heated above 30 
°C.  These indicated denaturation of TB actomyosin occurred at higher temperature 
compared to AP; as a consequence, TB gel was likely to give better hardness and 
cohesiveness when chopped at higher temperature.  Fukushima and  others (2007) studied 
the elastic property of the paste from walleye pollock, croaker, and threadfin bream and 
suggested that the optimum low temperature setting conditions were 20, 25, 28 °C, 
respectively. 
  In meat science, high gel qualities are always accompanied by high salt soluble 
protein (SSP) (Hensley and Hand 1995; Colmenero and others 1996).  Anyhow, this 
relation is questionable in case of myofibrillar protein from fish.  Gel texture in this study 
could be either diminished or improved by various chopping conditions.  In fact, SSP 
significantly decreased when the chopping time was extended (Poowakanjana and Park 57 
 
2012).  This suggested that SSP could not be used to predict the gel texture made from 
fish muscle. 
 
3.5 CONCLUSIONS 
  Gel texture was affected significantly by both chopping time and temperature, but 
more predominantly by the latter.  The optimum chopping process for AP was 15 min 
while strictly controlled the temperature at 0 °C.  Wide range of chopping temperature 
between 5 and 20 °C could be applied for PW probably because it is temperate species.  
The recommended chopping method for TB was to continuously chop surimi from 
partially frozen condition until the temperature reached between 25 and 30 °C.  
Extending chopping time beyond their optimum temperatures was not recommended as 
gel cohesiveness declined: 15 min for AP when chopped at 0 °C, 15 min for PW at 15-20 
°C, and 18 min for TB at 25-30 °C.  During chopping, the secondary structure of protein 
was disrupted.  Protein, especially LMM, appeared to be unfolded to the greater extent 
and could be aggregated during extended chopping.  Their hydrophobic amino acids such 
as tryptophan and uncharged-polar tyrosine were not exposed to the environment no 
matter how long chopping continued; however, hydrocarbon of aliphatic amino acids 
could be exposed.  A significant increase in disulfide formation (p < 0.05) was obtained 
when chopping was extended and/or done at higher temperature. 
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4.1 ABSTRACT 
  Salt soluble protein, surface reactive sulfhydryl content, and surface 
hydrophobicity of Alaska pollock, Pacific whiting, and threadfin bream surimi were 
characterized as affected by various comminution conditions.  Chopping 
time/temperatures were explored in consideration with their habitat temperatures.  Salt 
soluble protein (SSP) significantly decreased when chopping time was extended.  
Corresponding to our follow-up study, no relationship between SSP and gel texture was 
found.  Surface hydrophobicity was inversely proportional to SSP concentration 
indicating the unfolding of protein upon comminution.  Alaska pollock surimi 
demonstrated aggregation during chopping at 10 and 20 °C based on their surface 
hydrophobicity.  Surface reactive sulfhydryl (SRSH) content of the three fish species 
behaved differently. The SH groups were oxidized to disulfide bonds when higher 
chopping temperature was applied.  As a result, increased SRSH content was not 
observed from Alaska pollock (10 and 20 °C chopping) and threadfin bream paste (25 
and 30 °C chopping). 
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4.2 INTRODUCTION 
Alaska pollock, Pacific whiting, and threadfin bream have been extensively 
utilized in the surimi industry (Guenneugues and Morrissey 2005).  Alaska pollock (AP) 
surimi is known as a premium grade and has an annual production of nearly 250,000 MT 
during 1998-2003 (Guenneugues and Morrissey 2005); however the production declined 
to 100,000 - 125,000 MT in 2010, approximately (Halhjem 2011).  About 20,000 MT of 
Pacific whiting (PW) were produced, primarily on and off the Northwest coast 
(Guenneugues and Morrissey 2005).  In tropical countries, threadfin bream (TB) is the 
major species for surimi and its production, only in Thailand, reached 80,000 MT 
(Yongsawatdigul and others 2002) over a year while 180,000 MT of threadfin bream 
were caught off worldwide (Guenneugues and Morrissey 2005).  
  Commercial industries have tried various approaches to enhance gel qualities of 
surimi.  Some examples are mixing PW surimi with enzyme inhibitors such as egg white 
or the application of fast cooking technology that can significantly reduce enzyme 
activity from endogenous proteolytic enzymes (Yongsawatdigul and others 1995), as well 
as addition of other functional ingredients, including exogenous microbial 
transglutaminase.  However, the effect of chopping conditions (time and temperature) has 
been overlooked.  Esturk and others (2004) demonstrated the gel strength of surimi from 
various fish species as affected by different final chopping temperatures.  They found that 
maximum gel strength could be obtained when the final chopping temperature 
corresponded to the habitat temperature of each fish species.  Alaska pollock lives in cold 
water (0-5 °C) while a temperate fish Pacific whiting live in chill temperature (5-15 °C).  
Threadfin bream is a tropical fish and lives in warm water (20-30 °C).  Douglas-Schwarz 61 
 
and Lee (1988) also studied the impact of final chopping temperature on the gel strength 
of AP and observed a similar trend.  According to our recent study (Poowakanjana and 
others 2012), surimi from temperate and warm water fish demonstrated maximum gel 
strength when chopped at higher temperature.  Gel texture of AP provided maximum gel 
values when chopped at 0 °C.  It was surprising that relatively strong AP gel could also 
be obtained when final chopping temperature approached 20 °C, but maintaining 
chopping at this high temperature for longer time impaired gel texture.  This conclusion 
seems to be in disagreement with Esturk and others (2004) and Douglas-Schwarz and Lee 
(1988).  This was because in these two studies,  chopping was conducted using surimi 
started at different temperature with fixed time to obtain a target final chopping 
temperature.  Unlike the study of Poowakanjana and others (2012), chopping started with 
partially  thawed surimi at -5 °C from all samples.  We believe that using partially thawed 
sample at the beginning of the chopping process made AP fish actomyosin somewhat 
tolerable to 15-20 °C.  This was because salt was added at beginning where surimi was 
still cold.  Adding salt to the surimi where the temperature was above freezing point 
might destabilize the myofibrillar protein structure.  Poowakanjana and others (2012) also 
analyzed the change in secondary structure of protein as affected by various chopping 
conditions using Raman spectroscopy.  Raman spectroscopy revealed a significant 
change in disulfide linkage and the reduction of secondary structure upon extended 
chopping.  
  A number of analyses to elucidate the effect of various chopping conditions on 
structural changes of fish actomyosin were extensively studied based on biochemical 
measurement of protein solubility, degree of protein unfolding, and oxidation of 62 
 
sulfhydryl group.  Protein solubility in salt solution can reveal the structural changes of 
protein.  Salt solubilizes the actomyosin by binding to the myofibrillar protein through 
the electrostatic repulsive force resulting in unwinding protein structure that increases 
more water binding site (Rosco and Bledsoe 2006).  Since protein unfolding is 
prerequisite for gelation, high salt soluble protein is believed to well correspond with the 
strong gel texture.  This relation was somehow uncertain in case of fish protein-based 
surimi and will be substantially discussed later.  Due to limited studies on the specific 
comminution conditions relating to SSP, surface reactive sulfhydryl (SRSH) content, and 
surface hydrophobicity (SR0
R), the understanding biochemical characteristics of fish 
proteins as affected by comminution conditions would provide a way to maximize gel 
values based on the thermal stability of the respective species.  The objective of this study 
was to investigate the effect of comminution variables (both chopping time and 
temperatures) on biochemical characteristics of AP, PW, and TB surimi paste. 
 
4.3 MATERIALS AND METHODS 
Materials 
  Alaska pollock (Theragra chalcogramma) (AP) surimi (“A” grade: approximately 
3 frozen months old with 5% sorbitol, 4% sucrose, and 0.3% sodium tripolyphosphate as 
cryoprotectants) was obtained from American Seafoods (Seattle, WA, USA). Pacific 
whiting (Merluccius productus) (PW) surimi (“A” grade: approximately 4 frozen months 
old with 5% sorbitol, 4% sucrose, and 0.3% sodium tripolyphosphate as cryoprotectants) 
was obtained from Trident Seafoods (Seattle, WA, USA). Threadfin bream (Nemipterus 
spp.) (TB) surimi (“SA” grade: approximately 2 frozen months old with 6% sucrose and 63 
 
0.2% sodium tripolyphosphate as cryoprotectants) surimi was obtained from Mana 
Frozen Foods, Bangkok, Thailand.  Since three distinctively different commercial surimi 
blocks were selected, they were independently evaluated without considering the 
concentrations of cryoprotectants.  Potassium chloride (KCl) was purchased from VWR 
International (West Chester, PA, USA).  Tris-HCl was purchased from J.T. Baker 
Chemical Company (Phillipsburg, NJ, USA).  Bradford reagent was obtained from Bio-
Rad Laboratory (Hercules, CA, USA).  Ethylenediaminetetraacetic acid (EDTA), 5-5’-
dithiobis-(2-nitrobenzoic acid) (DTNB), and anilinonapthalene-8-sulfonic acid (ANS) 
were purchased from Sigma Chemical Company (St. Louise, MO, USA). 
 
Preparation of surimi paste 
  Paste preparation was conducted according to the method of Poowakanjana and 
others (2012).  Upon arrival, frozen surimi block was cut into smaller blocks 
(approximately 1,000 g), sealed in a vacuum bag and kept at -18 °C for approximately 5 
months to complete all experiments.  Frozen surimi was partially thawed at room 
temperature for 1 hr to allow the core temperature to reach approximately -5 °C.  Blocks 
were then cut into cubes (2-3 cm) and placed in the chopping bowl.  Sample was chopped 
at 1,800 rpm for 1 min using a silent cutter (UM 5 universal, Stephan Machinery Corp, 
Columbus, OH, USA).  Two percent salt was added and chopping continued at 1,800 rpm 
for 1 min.  Moisture content was adjusted to 78% using ice before continuing to chop at 
1,800 rpm for 1 min.  The chopping bowl was then connected to a vacuum pump (40-60 
kPa) and chopping continued at 3,600 rpm until total chopping time was achieved for 6, 
9, 12, 15, 18, and 21 min, respectively (Table 4.1).  Chopping AP surimi at 0 and 10 °C,  64 
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and PW surimi at 5 °C was performed in a walk-in freezer (-30 °C).  Chopping AP surimi 
at 20 °C, PW surimi at 15 and 20 °C, and TB surimi at 15, 25, and 30 °C was conducted 
at room temperature (23-25 °C) using a chopping bowl equipped with circulating coolant  
(-5 °C).  Chopping was started with the partially thawed surimi around -5 °C.  Since 
comminution variables (time and temperature) were dependent on each other, chopping 
was switched on and off to fulfill two variables while controlling temperature.  Until the 
total chopping time was achieved, if the surimi paste sample reached the target 
temperature, chopping was halted until the temperature decreased by 5 °C from the target 
temperature.  Chopping continued on and off until the accumulated chopping time 
reached the final target (6, 9, 12, 15, 18, or 21 min).  Therefore total preparation time 
included total chopping time and the waiting time needed to maintain the final target 
temperature.  Comminution variables are described in Table 4.1. 
 
Salt soluble proteins (SSP) 
SSP was measured as outlined by Thawornchinsombut and Park (2006) with 
slight modification.  The sample paste was taken immediately from the silent cutter after 
chopping.  Three grams of paste were homogenized at speed 1 with 27 mL of 0.6 M KCl 
in 20 mM Tris-HCl buffer (pH 7) for 1 min using a homogenizer (model GLH-115, PG 
700, Fisher Scientific, Pittsburgh, PA, USA).  The homogenized samples were then 
centrifuged at 10,000  g (Sorvall RC-5B, Newtown, CT, USA) at 4 °C for 30 min.  After 
centrifugation, the supernatant was diluted to approximately 1 mg protein/mL with 0.6 M 
KCl in 20 mM Tris-HCl buffer (pH 7) before measuring salt soluble protein.  Bradford’s 
dye reagent was diluted 5 times and then diluted reagent (5 mL) was brought to 100 μL of 66 
 
sample solution.  Sample was allowed to sit at room temperature for 20 min before 
measuring the absorbance at 595 nm (UV-VIS Spectrophotometer; UV 2401PC, 
Shimadzu Co, Kyoto, Japan).  The protein concentration of the extracted SSP was then 
determined using bovine serum albumin as a standard (Bradford 1976).  Six readings per 
treatment were recorded for calculating the mean value of SSP concentration as mg of 
proteins per mL of sample volume.   
 
Surface reactive sulfhydryl (SRSH) content 
According to the method established by Ellman (1959) with slight modification, 
reactive SH content was determined using Ellman’s reagent (5-5’-dithiobis-(2-
nitrobenzoic acid): DTNB).  After determining the SSP, the protein concentration of the 
supernatant was adjusted to approximately 1 mg protein/mL with 0.6 M KCl in 20 mM 
Tris-HCl buffer pH 7.  Sample (0.5 mL) was mixed with 2 mL of 0.6 M KCl in 20 mM 
Tris-HCl buffer, and 50 µL of 0.1 M sodium phosphate buffer (pH 7.2) containing 10 
mM DTNB and 0.2 mM EDTA.  The resulting mixture was left at room temperature for 
15 min before measuring absorbance at 412 nm (UV-VIS Spectrophotometer; UV 
2401PC, Shimadzu Co., Kyoto, Japan).  Reactive SH groups were determined using a 
molar extinction coefficient of 13,600 MP
-1
PcmP
-1
P.  Six readings were recorded for 
calculating the mean value of total sulfhydryl content as mol per 10P
5
Pg protein.   
 
Surface hydrophobicity (SR0
R) 
Using the surimi paste, protein surface hydrophobicity (SRo
R) of the supernatant was 
determined by ANS probe according to the method of Alizadeh-Pasdar and Li-Chan 67 
 
(2000).  The ANS stock solution contained 8 x 10P
-3
P M ANS in 0.1 M phosphate buffer 
(pH 7.4).  The protein concentration of supernatant was diluted to 0.05, 0.1, 0.2, and 0.4 
mg/mL using 0.6M KCL in 20 mM Tris-HCl buffer (pH 7).  Four milliliters of samples 
were mixed with 20 µL of ANS stock solution and left at room temperature for 10 min 
before measuring on a luminescence spectrophotometer (Perkin Elmer LS-50B, Norwalk, 
Conn., USA).  The samples were measured at wavelengths of 390 nm and 470 nm 
(λRexcitation
R, λRemission
R), respectively.  The protein SR0
R was calculated from the initial slope of 
the net relative fluorescence intensity versus the protein concentration.   
 
Statistical analysis 
  The experiment was conducted as a completely randomized design.  The data for 
all biochemical properties were mean values from at least two replications.  In each 
replication, for SSP and SRSH content, six samples were prepared and tested.  ANOVA 
in SPSS (version 13) software package (SPSS Inc., Chicago, IL, USA) was used to 
compare the treatment effects.  The general linear model was applied for further analysis 
using Tukey's test with statistical significance at a level of p < 0.05 between mean values. 
 
4.4 RESULTS AND DISCUSSION 
  For better understanding, the following abbreviations were used: AP for Alaska 
pollock, PW for Pacific whiting, and TB for threadfin bream.  Chopping temperature for 
each species was then denoted followed by chopping time.  For example, AP0-21 
indicates Alaska pollock chopped at 0 °C for 21 min. 68 
 
Regarding chopping methodology in this study, it was concerned that chopping 
was not continuously performed; therefore, any conformational changes of the protein 
might not only depend on chopping time.  Protein might undergo the aggregation during 
waiting time through mediated endogenous transglutaminase.  The effect of setting 
during chopping could be negated based on the optimum setting condition of each fish 
species.  Lee and Park (1998)  reported that setting of Alaska pollock surimi was noted at 
5 °C for 20 hrs or at 25 °C for 3 hrs.  Same studied suggested that optimum setting 
condition for Pacific whiting was at 25 °C.  Setting of tropical fish threadfin bream was 
observed at 25 and 40 °C for 4 and 2 hrs, respectively (Yongsawatdigul and others 2002).  
As comparing to the surimi paste preparation (Table 3.1), the temperature condition and 
holding time did not favor protein to set during chopping. 
 
Salt soluble proteins (SSP) 
  SSP of AP, PW, and TB surimi paste were illustrated in Figure 4.1.  Chopping AP 
for longer time resulted in a significant decrease (p < 0.05) in SSP regardless of chopping 
temperature.  TB surimi demonstrated a relatively similar trend as SSP decreased when 
chopping time was extended.  However, the SSP of TB surimi gradually decreased as 
chopping time exceeded 12 min and rapidly decreased as chopping temperature increased 
to 25 or 30 °C.  PW surimi also showed a reduction of SSP concentration, when chopping 
was done at 15 or 20 °C.  It should be noted that no significant effect of chopping time on 
SSP was measured for PW when chopped at 5 °C.  The actomyosin of PW, which is a 
temperate water species, might be stable at 5 °C and therefore, showed no change in salt 
soluble protein properties.  According to Hsu and others (1993), salt soluble protein 69 
 
concentration decreased significantly for Pacific whiting fillets after 1 mo storage at -8 
°C.  However, when they were kept at -34 and -50 °C, the reduction of SSP was 
minimized throughout 10 mo.  This indicated that temperature had a great impact on SSP 
of fish proteins.  Lower salt soluble protein due to higher extracting temperature was also 
reported from land animal meat.  Gillett and others (1977) reported salt extractable 
protein from ground pork and beef (7.5% NaCl) was maximized at 7.2 °C and the amount 
of extracted protein declined above this temperature.  In muscle chemistry, it is generally 
believed that higher SSP means better gel texture (breaking force and penetration 
distance).  Smith (1988) demonstrated the improved gel texture of turkey frankfurters as 
SSP concentration increased.  A similar trend was also observed from beef myofibrils 
(Samejima and others 1985) and pork (Camou and Sebranek 1991).  Liu and Xiong 
(1997) reported the increased elasticity of chicken muscle when SSP was extracted with 
high salt concentration (0.6 M compared to 0.3 M KCl).  However, in the case of fish 
myofibrillar proteins, this relationship was questionable.  Extracted protein from fish 
protein isolates prepared by pH-shift methods always demonstrated lower SSP compared 
to conventional surimi; however, higher gel texture was obtained in these fish protein 
isolate gels (Perez-Mateos and others 2004; Yongsawatdigul and Park 2004; Kristinsson 
and Liang 2006).   
  In the current study, SSP of all fish species significantly decreased (p < 0.05) 
when chopping time was extended; and indeed, the rate of SSP reduction was maximized 
when chopping temperature increased (except PW chopped at 5 °C).  However, their gel 
texture could performed differently.  Gel strength of AP, PW, and TB (Chapter 3) was 
improved if their optimum chopping conditions were utilized.  AP demonstrated a 70 
 
Figure 4.1  Salt soluble protein (SSP) of Alaska pollock (AP), Pacific whiting (PW), and 
threadfin bream (TB) surimi paste as affected by comminution conditions. 
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decrease while PW showed no change in gel texture when chopping was completed at 
higher temperature (Esturk and others 2004).  The same study reported that gel texture of 
TB, on the contrary, improved when chopped at higher temperatures (25-30 °C). This 
suggested that SSP concentration does not directly affect gel texture.  Instead, SSP 
concentration could indicate the degree of denaturation as it decreased when protein was 
subjected to frozen storage (Lim and Haard 1984) and freeze-thaw cycles 
(Thawornchinsombut and Park 2006).  In addition, chopping time and temperature can be 
considered as protein denaturing factors for our surimi samples.  In this regard SSP 
concentration could be decreased by the degree of denaturation imparted from the 
variables chopping time and temperature. 
A decrease in SSP could result from protein’s unfolding and aggregation during 
longer chopping.  If proteins are fully unfolded, they will form aggregates; as a 
consequence, aggregated proteins that are not soluble in salt solution will then be 
precipitated during centrifugation and removed.  However, for Pacific whiting surimi or 
other species with high proteolytic enzymes, special attention may be necessary when 
chopping temperature exceeds 20-30 °CP
 
Pwhere these enzymes can be slowly activated to 
degrade myofibrillar proteins.  As shown in Fig. 1, SSP of PW chopped at 20 
°CP
 
Pdemonstrated a completely different reduction pattern compared to other samples.  
Because proteolytic enzymes of Pacific whiting were more active at 20 °C than at 5 °C 
(An and others 1994), myofibrillar proteins in PW chopped at 20 °C were likely 
disintegrated to a greater extent resulting in extremely small protein fragments (i.e., 
peptides) which would not precipitate during centrifugation.  In other words, the 72 
 
increased SSP should be obtained in this case.  It is noted that high SSP cannot always be 
linked to high gel texture for fish proteins. 
  Another factor that reduces SSP concentration is aggregation of unfolded proteins 
through carbonylation (Nyström 2005).  However, this oxidative mechanism is not well 
defined.  The content of oxidatively modified protein increased during frozen storage of 
rainbow trout fillet while protein solubility decreased over time (Kjærsgård and others 
2006).  It can be postulated that decreased SSP during longer chopping duration was 
possibly due to oxidation of myofibrillar proteins, resulting in the formation of the 
carbonyl group.  However, we feel further studies are necessary with or without vacuum 
for verification. 
 
Surface reactive sulfhydryl (SRSH) content 
  The disulfide bonds between or within protein molecules play an important role 
regarding the functionality of protein in different systems.  Many studies elucidated the 
disulfide formation during heat-induced gelation (Opstvedt and others 1984; Singh 1991).  
This indicated fish myofibrillar protein in the native form contained a higher amount of 
reactive sulfhydryl groups than disulfide bonds.  Many factors that convert protein from 
its native form (SH groups) into aggregated protein with disulfide interchange were 
extensively studied; however, disulfide-mediated polymerization of fish myofibrillar 
protein as affected by various comminution conditions has not been reported.    
  The SRSH content of AP0 and TB15 significantly increased (p < 0.05) when 
chopping time was extended (Figure 4.2).  This indicated that long time chopping at 
relatively low temperatures (0 °CP
 
Pfor AP and 15 °CP
 
Pfor TB) could open up the protein 73 
 
structure and release sulfhydryl groups.  However, the SRSH content of AP10, AP20, 
TB25, and TB30 showed different trends (either unchanged or slightly reduced).  SRSH 
content of AP10 remained unchanged throughout 21 min chopping while the SRSH 
content of AP20 significantly decreased (p < 0.05) when chopped for 12 min or longer.  
Similar to AP20, SRSH for TB25 and TB30 slightly decreased.  Chen and others (1989) 
studied the disulfide formation of myosin from milkfish during frozen storage and 
reported that disulfide bonding occurred at -20 °C to a greater extent than it did at -35 °C.  
As a consequence this thiol oxidation could possibly take place even under cold chopping 
conditions, but the oxidation rate was very low compared to the exposure of buried SH 
groups that were disclosed during long chopping time.  It should be suggested further that 
although long chopping time at relatively high temperature for AP (10 and 20 °C) and TB 
(25 and 30 °C) did not result in increased SRSH content, this did not mean protein 
structure were not unfolded at high temperature.  The protein was indeed unfolded, but 
released sulfhydryl groups underwent oxidation and promptly formed disulfide bridges 
due to the accumulated heat from comminution.  The intensity of Raman spectrum at IR540
R 
significantly increased (p < 0.05) when surimi paste was chopped for longer time and at 
higher temperature (Table 3.1-3.3).  This explains the formation of disulfide bonding (t-
g-t : trans-gauche-trans). 
  Changes in SRSH content of PW surimi paste were clearly different from AP and 
TB (Figure 4.2).  SRSH content of PW5 samples remained stable followed by slight 
increase at 18 and 21 min of chopping, while that of PW15 and PW20 significantly 
increased (p < 0.05) during the first 9 min of chopping.  SRSH content then stabilized 74 
 
Figure 4.2  Surface reactive sulfhydryl (SRSH) content (mol/10 P
5
P g protein) of AP, PW, 
and TB surimi paste.  
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beyond this point.  The result suggested that PW myofibrillar protein was stable under 
cold chopping temperature (5 °C).  However, protein could be slightly unfolded under 
this condition if chopping time was extended to 18-21 min.  The stability of SRSH 
content of PW15 and PW20 when chopped longer than 9 min was probably due to the 
combined effects of protein unfolding and disulfide formation.  Note that the final 
temperature of PW15-6 was equal to TB15-6 (5 °C) and PW15-9 was equal to TB15-9 
(12 °C) (Table 4.1).  The change in SRSH content between these two species was 
different.  Significantly higher SRSH contents (p < 0.05) were observed in PW15 and 
PW20 compared to PW5 indicating that myofibrillar protein of PW was likely less 
susceptible to thiol oxidation than those of TB (SRSH content of TB25 and TB30 was 
lower than TB15). 
  Stabilization of SH content of PW was previously reported.  Benjakul and others 
(1997) observed a slight increase in SH groups of Pacific whiting fillet in ice storage 
during the first two days.  A significant decrease in SH groups of whiting fillet was found 
at day 4.  Except croaker, the SH content of lizardfish, threadfin bream, and big eye 
snapper fillet was greatly reduced within 2 days of frozen storage (-18 °C) (Benjakul and 
others 2003b).  
   
Surface hydrophobicity (SR0
R) 
  Surface hydrophobicity was measured to quantify the extent of protein unfolding 
as affected by various chopping conditions.  An increase in SR0
R indicated that proteins 
were unfolded and their hydrophobic domains were exposed to the surface of the protein 
molecule.  The relationship between SR0
R and temperature was reported in a way that SR0
R of 76 
 
protein was prone to increase due to unfolding caused by high temperature-induced 
denaturation.  Yongsawatdigul and Park (2003) reported the increased surface 
hydrophobicity of threadfin bream actomyosin when heated from 10 to 80 °C.  Since 
chopping is a process that unfolds the protein structure, increased surface hydrophobicity 
was expected with longer chopping time and higher chopping temperature.  The trend  of 
increased surface hydrophobicity with longer chopping time and at higher chopping 
temperature was observed in the current study, except for all AP samples and PW5, 
(Figure 4.3).  With regard to PW5 samples, there was no change in SR0
R as chopping time 
extended to 21 min.  This was probably due to its relatively high thermal stability against 
comminution at 5 °C.  However, regardless of species and chopping temperatures (except 
PW5), the unfolding of myofibrillar protein could also be achieved by shear force applied 
with extended chopping time. 
  Regarding Alaska pollock, it was interesting to note that AP0 samples 
demonstrated higher SR0
R than AP10 and AP20, which was not in agreement with previous 
studies.  One possible explanation for this phenomena is that unfolded myofibrillar 
proteins, even during comminution, could aggregate easily at 10 and 20 °C, which are 
relatively high temperatures based on the thermal stability of AP.  As a result, surface 
hydrophobicity of AP10 and AP20 was significantly lower than that of AP0.   
  An increase in exposed hydrophobic amino acids was believed to enhance the 
aggregation of protein network resulting in better gel qualities (Egelandsdal and others 
1995).  However, the effect of chopping conditions on the gel texture suggested that 
surface hydrophobicity did not directly affect gel texture as the breaking force and 77 
 
Figure 4.3  Surface hydrophobicity (SR0
R) of AP, PW, and TB surimi paste at various 
comminution conditions using ANS probe analysis. 
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penetration distance of AP chopped at high temperature decreased (Douglas-Schwarz and 
Lee 1988; Esturk and others 2004; Poowakanjana and others 2012) and SR0
R increased 
(Figure 4.3)  This suggested that continuous chopping under appropriate conditions can 
enhance protein unfolding, but an attempt to unfold protein does not necessarily 
correspond to improved gel texture.   
 
4.5 CONCLUSIONS 
  Both chopping time and chopping temperature had a great impact on the 
biochemical characteristics of myofibrillar proteins.  Salt soluble protein concentration 
decreased significantly as chopping time extended and the reduction rate increased when 
chopping was performed at higher temperature.  SSP concentration from surimi could not 
be used to predict gel texture as it always decreased while there is evidence of improved 
gelation properties during prolonged comminution as shown in Chapter 3.  Long 
chopping time alone could unfold (denature) the protein structure as indicated by the 
increased surface reactive sulfhydryl content and surface hydrophobicity.  Extending 
chopping time at high temperature increased the rate of protein unfolding.  Nonetheless, 
when chopping temperature reached above the habitat temperature range of each fish 
species, proteins, instead of further unfolding, would tend to aggregate due to their 
optimum thermostability.  In addition, SH groups were oxidized to disulfide bonding at 
higher chopping temperatures as well.  Extending chopping time at optimum 
temperatures increased SRSH content and surface hydrophobicity due to increased 
protein unfolding.  Temperature abuse during chopping could lead to aggregation and 79 
 
must, therefore, be avoided.  Consequently, comminution must be appropriately 
controlled for each species based on their thermal stability. 
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5.1 ABSTRACT 
  Biochemical and rheological properties of surimi were examined based on: 1) 
salting time (from 18 to 3 min) while maintaining 21 min for total chopping time; and 2) 
total chopping time (from 6 to 21 min) while salting during the final 3 min.  Extending 
salting time significantly increased breaking force and penetration distance while 
chopping time extension with fixed salting time did not.  Salt soluble proteins decreased 
when salting time decreased; however, this trend performed contrarily against chopping 
time.  A relationship between gel texture and salt soluble proteins was not found.  
Oxidation of sulfhydryl groups could occur during the chopping process when chopping 
without salt was extended.  A degree of protein unfolding, as noted by surface 
hydrophobicity, behaved differently against chopping and salting time.  Dynamic 
rheology demonstrated that total chopping time affected denaturation of the myosin tail 
region more than salting time.   
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5.2 INTRODUCTION 
Gelation is one of the most important functional properties of surimi and can be 
affected by many factors such as fish species, comminution conditions (chopping time 
and temperature), and the amount of salt.  Mixing surimi with salt could obtain high gel 
strength, provide salty taste, and prevent growth of microorganism.  Salt could greatly 
magnify the gel texture when surimi was set at optimum temperature for a specific period 
(Niwa and others 1991; Kim and Park 2008).  Fish protein isolate (FPI), on the other 
hands, demonstrated higher gel texture when salt was not added during chopping (Kim & 
Park, 2008).  FPI gel texture obtained from some fish species is also superior to 
conventional surimi chopped with salt (Perez-Mateos and others 2004; Yongsawatdigul 
and Park 2004).   The addition of salt in FPI, where protein was chemically unfolded 
during the pH shift, was thought to be unnecessary and could induce protein aggregation 
(salting-out) prior to gel network formation, which is undesirable according to traditional 
surimi processing.   
The effect of chopping conditions on gelation properties was extensively studied 
(Douglas-Schwarz and Lee 1988; Esturk and others 2004; Poowakanjana and others 
2012).  These studies suggested the maximum gel strength could be obtained when 
chopping conditions (temperature) correlate to the environmental habitat of each fish 
species.  Threadfin bream, which is warm water fish, exhibited superior gel texture when 
finished chopping at temperatures around 25-30 °C.  To obtain the specific final 
chopping temperature, however, surimi needed to be chopped for longer time.  Since salt 
is added at the beginning of the chopping process using partially thawed surimi, any 
conformational change of myofibrillar protein in the surimi paste is based on not only 83 
 
chopping temperature but also long chopping time that allows proteins to be in contact 
with salt.  As the chopping process is extended, proteins can become more unfolded and 
subsequently aggregated due to the presence of salt similar to FPI.  In addition, physical 
unfolding (chopping) may not be able to denature protein structure as much as chemical 
unfolding (pH-shift processing) resulting in improved gel texture. 
Since fish proteins have unique features due to their thermal stability, temperature 
factor must be disregarded to be able to compare the effect of chopping time and salting 
time.  The temperature of surimi increases rapidly when salt is not added during 
chopping.  Therefore, cooling down using a circulating chiller is necessary to avoid 
negative effects of temperature. Therefore, tropical surimi such as threadfin bream (TB) 
surimi is favored due to its high thermal stability and no sign of setting if the temperature 
was controlled below 25 °C for up to 4 hrs.   
As mentioned earlier, the effect of chopping temperature on the texture of gel 
made from fish muscle is quite unique.  However, for land animal muscle, gel texture is 
less dependent on this temperature factor (Ugalde-Benitez 2012).  The textural properties 
of gels made from land animal meat are highly correlated to its degree of salt extraction 
and chopping time.  Long time chopping resulted in higher salt soluble protein 
concentrations and better gel texture (Gillett and others 1977; Liu and Xiong 1997).  
However, in the case of fish muscle, no clear pattern has been demonstrated as affected 
by various processing or biological factors.  Therefore, our objective was to investigate 
the biochemical and rheological properties of surimi proteins from tropical fish by 
determining the effect of chopping duration and with salting time. 
 84 
 
5.3 MATERIALS AND METHODS 
Surimi 
  Threadfin bream (TB) (“SA” grade: approximately 2 frozen months old with 
6.0% sucrose and 0.2% sodium tripolyphosphate as cryoprotectants) surimi was obtained 
from Mana Frozen Foods, Bangkok, Thailand.   
 
Chemicals   
  All chemicals were purchased: Potassium chloride (KCl) from VWR International 
(West Chester, PA, USA); Tris-HCl from J.T. Baker Chemical Company (Phillipsburg, 
NJ, USA);  Bradford reagent from Bio-Rad Laboratory (Hercules, CA, USA); 
Ethylenediaminetetraacetic acid (EDTA), 5-5’-dithiobis-(2-nitrobenzoic acid) (DTNB), 
and anilinonapthalene-8-sulfonic acid (ANS) from Sigma Chemical Company (St. 
Louise, MO, USA).  
 
Surimi paste preparation 
  Threadfin bream (TB) surimi was cut into small blocks (~ 1,000 g) and kept at -18 
°C until used.  Surimi was partially thawed and cut into cubes (~ 2 cm).  Chopping was 
done using a vacuum silent cutter (UM 5 Universal, Stephan Machinery Corp, Columbus, 
OH, USA) equipped with cooling jacket.  Two sets of chopping process were developed 
and executed.  For the first set, surimi was chopped for 21 total minutes while 2% salt 
was added for the last 3, 6, 9, 12, 15, and 18 min.  The abbreviation for this experiment 
set is [21/XR2
R] where XR2
R refers to the actual chopping time with salt.  For the second set, 
surimi was chopped for 6, 9, 12, 15, 18, and 21 min while 2% salt was added during the 85 
 
final 3 min of chopping.  The abbreviation for this set is [XR1
R/3] where XR1
R refers to the 
total chopping time.  Low speed chopping (1800 rpm) was applied during the first 3 min 
and surimi was adjusted to 78% moisture content by adding ice.  After that, high speed 
chopping (3,600 rpm) was applied until finished.  At high speed, the silent cutter was 
connected to a vacuum pump (40-60 kPa) to remove air pockets developed during 
chopping and circulating coolant running at -5 °C.  Chopping temperature was controlled 
at 15 °C or below to avoid the effect of temperature since gel texture of TB surimi could 
be improved when chopped at high temperature (20-25 °C) (Esturk and others 2004; 
Poowakanjana and others 2012).   
 
Salt soluble protein (SSP) 
SSP was measured as outlined by Thawornchinsombut and Park (2006) with a 
slight modification.  The paste sample was taken immediately from the silent cutter after 
chopping.  Three grams of paste were homogenized at speed 1 with 27 mL of 0.6 M KCl 
in 20 mM Tris-HCl buffer (pH 7) for 1 min using a homogenizer (model GLH-115, PG 
700, Fisher Scientific, Pittsburgh, PA, USA).  The homogenized samples were then 
centrifuged at 10,000  g (Sorvall RC-5B, Newtown, CT, USA) at 4 °C for 30 min.  After 
centrifugation, the supernatant was diluted to approximately 1 mg protein/mL with 0.6 M 
KCl in 20 mM Tris-HCl buffer (pH 7) before measuring salt soluble protein.  Bradford’s 
dye reagent was diluted 5 times and then diluted reagent (5 mL) was added to 100 μL of 
sample solution.  Sample was allowed to stand at room temperature for 20 min before 
measuring the absorbance at 595 nm (UV-VIS Spectrophotometer; UV 2401PC, 
Shimadzu Co, Kyoto, Japan).  The protein concentration of the extracted SSP was then 86 
 
determined using bovine serum albumin as a standard.  Three readings per treatment were 
recorded to calculate the mean value of SSP concentration as mg of proteins per mL of 
sample volume.  Each treatment was measured at least in duplicate.  
 
Surface reactive sulfhydryl (SRSH) content 
SRSH content was determined using Ellman’s reagent [5-5’-dithiobis-(2-
nitrobenzoic acid): DTNB] (Ellman 1959).  After determining the SSP, protein 
concentration of the supernatant was adjusted to approximately 1 mg protein/mL with 0.6 
M KCl in 20mM Tris-HCl buffer.  A sample (0.5 mL) was mixed with 2 mL 0.6 M KCl 
in 20mM Tris-HCl buffer, and 50 µL of 0.1 M sodium phosphate buffer (pH 7.2) 
containing 10 mM DTNB and 0.2 mM ethylenediaminetetraacetic acid (EDTA).  The 
resulting mixture was left at room temperature for 15 min before measuring absorbance 
at 412 nm (UV-VIS Spectrophotometer; UV 2401PC, Shimadzu Co., Kyoto, Japan).  
Reactive SH groups were determined using a molar extinction coefficient of 13,600  
MP
-1
PcmP
-1
P.  Three readings were recorded for calculating the mean value of total sulfhydryl 
content as mol per 10P
5
Pg protein.  Each treatment was measured at least in duplicate. 
 
Surface hydrophobicity (SR0
R) 
  Using surimi paste, protein SR0
R of the supernatant was determined using an  2T1-
anilinonaphthalene-8-sulfonate2T (ANS) probe according to the method of Alizadeh-Pasdar 
and Li-Chan (2000).  The ANS stock solution contained 8 x 10P
-3
P M ANS in 0.1 M 
phosphate buffer (pH 7.4).  The protein concentration of supernatant was diluted to 0.05, 
0.1, 0.2, and 0.4 mg/mL using 0.6M KCL in 20mM Tris-HCl buffer (pH 7).  Four 87 
 
milliliters of samples were mixed with 20 µL of ANS stock solution and left at room 
temperature for 10 min before reading on a luminescence spectrophotometer (Perkin 
Elmer LS-50B, Norwalk, Conn., U.S.A.).  The samples were measured at wavelengths of 
390 nm and 470 nm (λRexcitation
R, λRemission
R), respectively.  The protein SR0
R was calculated from 
the initial slope of the net relative fluorescence intensity versus protein concentration. 
Each treatment was measured at least in duplicate. 
 
Oscillatory dynamic measurement 
  The rheological properties of surimi paste were measured through temperature 
sweep (20 to 90 C at a heating rate of 1 C/min) using a CVO-100 dynamic rheometer 
(Malvern Instruments Limited, Worcestershire, UK).4T  The paste4T was placed between a 
cone (4, 4 cm diameter) and plate leaving a gap of 150 μm.  A plastic cover with 
moistened sponge (trapper) was used to prevent sample drying during heating.  The 
oscillatory mode was applied with a fixed frequency at 0.1 Hz.  Shear stress was set at 
100 Pa which was determined based on the linear viscoelastic range of the samples.  
Samples were tested at least in duplicate. 
 
Gel preparation and fracture gel analysis  
The paste prepared above was packed into a polyethylene bag and subjected to a 
vacuum machine (Reiser VM-4142; Roescher Werke GMBH, Osnabrueck, Germany) to 
remove air that was introduced when the paste was put into the polyethylene bag.  The 
paste was extruded, using a sausage stuffer (model 14208, The Sausage Maker, Buffalo, 
NY, USA), into a nylon tube (Nylatron MC 907; Quadrant Engineering Plastic Products, 88 
 
Reading, PA, USA) with a 3.0 cm inner diameter and  15.0 cm length.  The paste was 
ohmically cooked at a voltage gradient of 12.62 V/cm with settings of 250 V and 10 kHz.  
The sample temperature reached 90 C in  34-36 sec and the sample was held at 90 C 
for 1 min.  Gels, after putting in a plastic bag, were then immediately submerged in cold 
ice/water for 15 min and stored overnight in a refrigerator (4 °C).  The next day gels were 
equilibrated to room temperature for an hour prior to gel testing.   
Gel samples were cut into 30 mm long and subjected to the puncture test using a 
Texture Analyzer (TA-XT plus, Texture Technologies Corp, NY, USA).  A spherical 
probe (5 mm diameter) penetrated into the center of gels at a penetration speed of 1 
mm/sec.  Breaking force (g) and penetration distance (mm) at gel fracture were recorded 
to determine fracture gel properties (gel hardness and cohesiveness, respectively).  At 
least ten specimens were tested per treatment. 
 
Statistical analysis 
The experiment was conducted as a completely randomized design.  Statistical 
significance at a level of p < 0.05 of sample means for salt soluble protein, reactive 
sulfhydryl content, surface hydrophobicity, and gel texture was determined using 
ANOVA and Tukey’s test in SPSS (version 13) software package (SPSS Inc., Chicago, 
IL, USA).   
 
5.4 RESULTS AND DISCUSSION 
  Tropical surimi TB was selected because it possesses higher thermal stability.  
Chopping time and temperature rise are in a linear relationship (Poowakanjana and Park 89 
 
2012).  Due to temperature rise during chopping, chopping was frequently halted to 
control the temperature at 15 °C or below.  Any conformational changes of the protein 
might be dependent on not only chopping or salting time but also the aggregation or 
dissociation of fish proteins through the function of endogenous transglutaminase 
(TGase) or protease, respectively.  However, the effect of two enzymes, TGase and 
protease, during chopping was not considered in this study.  The optimum active 
conditions of  TGase and protease for tropical fish threadfin bream was reportedly 25 ºC 
for 4 hrs or 40 ºC for 2 hrs (Yongsawatdigul and others 2002) and 55-70ºC 
(Yongsawatdigul 2011), respectively. 
  Throughout this study, the term "total preparation time" was the whole chopping 
process including the actual chopping time and the waiting time when sample 
temperature needed to be cooled down.  The term "time of salt presenting" was the total 
time (chopping and waiting) after salt addition.  The term "chopping time" [X R1
R] refers to 
the actual duration that surimi was mechanically chopped, and "salting time" [XR2
R] refers 
to the actual chopping time after salt addition.  Numbers shown in descending order on 
the bar graph indicate final chopping temperature (°C), total preparation time (min), and 
time of salt presenting (min), respectively.   
 
Salt soluble protein (SSP) 
  In the production of muscle food products, salt is added to extract salt soluble 
myofibrillar proteins during the comminution process.  The concentration of salt greatly 
affected the gelling ability of the muscle protein.  Many studies demonstrated the 
relationship between salt concentration and gel strength.  Kubota and others (2006) 90 
 
suggested 3% (NaCl) for the optimum gel strength of walleye pollock surimi.  Okada 
(1999) reported that optimum concentration of salt used in kamaboko gels was around 5-
7.5%.  Increased salt concentration could result in better gel texture (salting in).  
However, gel texture diminishes if salt addition continues beyond the optimum level 
(salting out).  This was because unfolded proteins became aggregated resulting in a 
cluster of proteins in the matrix and not dissolved in high ionic strength solution 
(Stefansson and Hultin 1994). 
  In the current study, SSP of [21/XR2
R] increased gradually, but significantly (p < 
0.05) as the XR2
R (salting time) increased to 15 min (Figure 5.1).  It seemed that more 
protein was extracted and solubilized in salt solution as salting time increased.  However, 
this observation might not be true based on the SSP of [6/3] sample (Figure 5.2).  Surimi 
with 6 min total chopping time and 3 min salting time, which was supposed to unfold 
surimi proteins at the least degree, demonstrated the highest SSP at 70.53 mg/mL.  The 
concentration of SSP [21/XR2
R] indeed decreased when salting time was reduced from 18 
min [21/18] (58.14 mg/mL) to 3 min [21/3] (44.18 mg/mL) (Figure 5.1).  Based on Fig. 1 
and Fig.2, it is clear that longer chopping time and more salt soluble protein extraction 
are not in agreement.  SSP decreased significantly (p < 0.05) (Figure 5.2) when chopping 
was extended to 18 min, while salting time was fixed to 3 min at the final stage.  We may 
assume SSP concentration indicates the degree of protein unfolding and/or its subsequent 
association.   
  This assumption was explored further by measuring changes of SSP between the 
two different chopping systems: [21/XR2
R] vs. [XR1
R/3].  The latter system demonstrated 
decreased SSP concentrations as total chopping time increased from 6 min to 21 min 91 
 
 
Figure 5.1  SSP and SRSH content of [21/XR2
R] TB paste as affected by various 
comminution conditions.  Numbers appeared vertically on the bar graph indicate the final 
chopping temperature (°C), the total preparation time (min), the time of salt presenting 
(min), respectively.  [XR1
R/XR2
R] denotes the sample was chopped for XR1
R min (total 
chopping) and salt was added for the final XR2
R min (salting time). [21/3] (Fig. 1) and 
[21/3] (Fig. 2) were the same sample prepared with the same 21 min total chopping with 
3 min salting at the final stage.    
 
 (Figure 5.2).  But salting time was 3 min in the final stage and the time of salt presenting 
due to the temperature control 15 °C was 12 min except [6/3].  This is probably due to 
aggregation of unfolded proteins as a result of longer total preparation time (8 min to 218 
min).  Chopping and holding longer (due to temperature control) without salt were 
rigorous enough to severely unfold proteins and induce their subsequent association 
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Figure 5.2  SSP and SRSH content of [XR1
R/3] TB paste as affected by various 
comminution conditions. Refer to Figure 5.1 for codes. 
 
resulting in reduced SSP concentration.  The former system; [21/XR2
R], demonstrated that 
SSP significantly decreased (p < 0.05) when salting time was reduced from 18 to 3 min 
while maintaining total chopping time at 21 min (Figure 5.1).  The decreased salting time 
was basically substituted by chopping time without salt.  The increased total preparation 
time from 110 min to 218 min (due to temperature control) likely explains this reduction 
in SSP (Figure 5.1).  In addition, longer chopping and holding time (218 min) with final 3 
min salting [21/3] demonstrated the lowest SSP (Figure 5.1 and 5.2).  Longer chopping 
time without salt was likely to be a key factor affecting decreased SSP.  Mechanical 
cutting (without salt) probably damages proteins to a greater degree than chemical 
unfolding (with salt).  This observation can be applied to the [XR1
R/3] system (Figure 5.2) 
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in which chopping time without salt was extended from 3 to 18 min resulting in 
significantly decreased SSP (p < 0.05).  
In the industrial chopping method where salt was added at the beginning, it was 
assumed that proteins were unfolded (denatured) and solubilized by salt during chopping.  
Fish proteins chopped without salt are physically unfolded and can be lead to random 
aggregation.  The degree of unfolding/association as shown by decreased SSP is certainly 
related to longer total preparation time (218 min for [21/3] compared to 110 min for 
[21/18]) (Figure 5.1) (218 min for [21/3] compared to 8 min for [6/3]) (Figure 5.2).   
  In our previous study with TB surimi (Poowakanjana and Park 2012), salting was 
made at the second minute of 6-21 min chopping treatments.  The 21 min treatment 
demonstrated SSP reduction by 18% while chopping temperature was maintained at 15 
°C or lower like in the current study.  As compared with the current study, SSP reduction 
by 24% from [21/18] to [21/3] (Figure 5.1) and by 37% from [6/3] to [21/3], it is shown 
that extended chopping could cause SSP reduction for fish proteins.  But chopping 
without salt would result in more SSP reduction than when chopped with salt.  A 
relationship between SSP and gel texture will be discussed in more detail later. 
  Meat scientists suggested that gel strength is always related to salt soluble protein 
in which higher SSP results in higher gel texture (Samejima and others 1985; Smith 
1988; Camou and Sebranek 1991).  However, this relationship could not be applied to 
fish muscle.  The explicit phenomena against the relationship between SSP and gel 
strength is the solubility of pH-shifted fish protein, either prepared by acidic or alkaline 
extraction.  Fish protein isolate (FPI) always demonstrated lower SSP than that of surimi.  
However, many studies reported the better gel qualities obtained from FPI (Perez-Mateos 94 
 
and others 2004; Yongsawatdigul and Park 2004; Kristinsson and Liang 2006; Park 
2009). The effect of chopping time on SSP (Poowakanjana and Park 2012) and gel 
texture (Poowakanjana and others 2012) of surimi paste from three fish species was 
studied.  Chopping process was slightly different; that is, chopping was done for 6, 9, 12, 
15, 18, and 21 min in total while 2% salt was added at the second minute of chopping.  
The chopping time with salt presenting was 5, 8, 11, 14, 17, and 20 min, respectively.  
The result suggested that the longer the chopping time, the lower the SSP.  However, gel 
strength behaved differently depending on species; threadfin bream (warm water fish) 
showed improved gel texture while Alaska pollock (cold water fish) showed poor gel 
texture when chopping time was extended.  Therefore, we think SSP can predict the 
degree of protein denaturation more effectively than gel texture.  Higher SSP might 
indicate the presence of protein in a more native form.  It also confirms that a 
significantly lower SSP from FPI is due to a greater chemical denaturation by the use of 
NaOH and HCl.  Although FPI protein refolds back by neutralizing the pH to 7, the pH-
treated protein does not refold back to the original native form (Thawornchinsombut and 
others 2006).   
 
Surface reactive sulfhydryl (SRSH) content 
The major purpose of chopping surimi prior to cooking is to denature (unfold) the 
protein.  Therefore, increased SH content due to the exposure of buried SH groups is 
expected.  However, SRSH group could be reduced if fish protein was comminuted at 
relatively high temperature depending on the thermal stability of the fish species.  
Poowakanjana and others (2012) observed decreased SRSH content of Alaska pollock 95 
 
and threadfin bream surimi when chopped at higher than 10 and 20 °C, respectively.  
This was possibly due to disulfide formation that could occur during paste preparation 
(chopping and holding).  In the current study, a significant decrease (p < 0.05) in SRSH 
content of [21/XR2
R] samples was obtained when salting time was reduced (18 min to 3 
min), but the total preparation time was extended from 110 min to 218 min (Figure 5.1).  
A similar trend was observed from [XR1
R/3] samples where the chopping time was 
extended beyond 12 min while salting time was maintained for the final 3 min.  This 
indicates fish myofibrillar proteins were not solubilized when chopped without salt.  
Instead, they aggregated resulting in buried SRSH groups inside the protein cluster.  
Moreover, elevated temperature due to chopping without salt is likely to accelerate the 
formation of disulfide bonds.   
Poowakanjana, and others (2012) used Raman spectroscopy to determine the 
structural change in surimi paste as affected by various chopping conditions.  They found 
that disulfide formation could occur during long chopping time (when temperature was 
strictly controlled) and the rate of oxidation significantly increased when chopping was 
done at higher temperature.  Chen, Hwang, and Jiang (1989) observed the rate of myosin 
oxidation increased at higher storage temperature.  This suggested that increased 
temperature and physical chopping with or without salt are likely to accelerate disulfide 
formation in surimi paste.  Higher SRSH content in [21/18] compared to [21/3] (Figure 
5.1) demonstrated that the protein structure of TB surimi seemed less susceptible to 
disulfide formation when chopping was done with salt.  However, it should be noted that 
SRSH content did not change when chopping time was extended from 6 min to 12 min as 
shown in [XR1
R/3] samples (Figure 5.2).  Under this condition, salting was maintained 96 
 
equally for the final 3 min while chopping time without salt increased from 3 to 9 min.  
In this case, decreased SRSH content should have been obtained due to the fact that 
chopping without salt triggered the formation of disulfide bonding in the surimi paste.  In 
fact, SRSH content did not change because the sample preparation was done in a 
relatively short time (73 min for [12/3]).  As shown in Figure 5.1 and 5.2, the thiol 
oxidation was highly noted when the sample preparation time extended longer than 73 
min (125 min for [21/15] and 122 min for [15/3]).   
 
Surface hydrophobicity (SR0
R) 
  ANS probe is widely used to determine the surface hydrophobicity of extracted 
protein from both land animal and fish muscle.  Decreased SR0
R, indicating  aggregation, 
was found from extracted soluble beef (Farouk and others 2003) and pork protein 
(Lacroix and others 2000) during storage time.  Unfolded tertiary structure of cod 
actomyosin subjected to either pH 2.5 or 11 followed by neutralization to pH 7.5 exhibit 
higher SR0 
Rthan control treatment (pH 7.5) (Kristinsson and Hultin 2003).  As suggested by 
Li-Chan, Nakai, and Wood (1985), high SR0 
Rdemonstrated protein with mild denaturation 
and was not accompanied by aggregation. 
  The SR0
R of [21/XR2
R] and [XR1
R/3] are shown in Figure 5.3.  Protein structure of surimi 
paste based on its hydrophobic interaction behaved differently between the two chopping 
methods (maintaining equal chopping time vs. maintaining equal salting time).  The SR0
R of 
[21/XR2
R] increased significantly (p < 0.05) when salting time was extended from 3 to 9 
min while the SR0 
Rof [XR1
R/3] did not change during chopping for 6 to 15 min with salting at 
the last 3 min.  The trend then leveled off as salting time was maximized to 18 min for  97 
 
 
Figure 5. 3  Surface hydrophobicity of [21/XR2
R] and [XR1
R/3] TB paste as affected by 
various comminution conditions.  
 
 [21/XR2
R].  When chopping without salt was extended beyond 15 min [XR1
R/3], the reduction 
of SR0 
Rwas noted, indicating hydrophobic domains were buried within protein clusters.  
This suggested that hydrophobic domains can be exposed only when salt is added at the 
earlier stage of chopping.   
It was interesting to observe the gradual reduction of SR0 
Ras chopping time 
extended beyond 9 min to 21 min while maintaining 3 min of equal salting time at the 
final stage [XR1
R/3].  This result was opposite compared to [21/XR2
R] samples and was also in 
disagreement with our previous study (Poowakanjana and Park 2012) in which surface 
hydrophobicity of Alaska pollock, Pacific whiting, and threadfin bream surimi paste 
increased significantly while chopping time was extended from 6 to 21 min.  It should be 
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noted, however, that chopping method was slightly different.  In the previous work 
salting was done at the second minute of chopping for all samples and then chopping 
continued until total chopping time reached the target duration, while in the current study, 
salt was added at the final 3 min of various chopping.   
   
Oscillatory dynamic measurement 
  Oscillatory rheograms of [21/XR2
R] and [XR1
R/3] are shown in Figure 5.4 and 5.5.  
Overall, G' increased during heating from 10-90 °C.  Extending chopping time without 
salt did not improve the elastic modulus (G') (Figure 5.5).  However, increased G' was 
obtained when salt was added at the early stage of chopping from approximately 80 kPa 
[21/3] to 120 kPa [21/18] (Figure 5.4).  The dynamic rheogram of [21/XR2
R] exhibited the 
maximum G' at around 70-75 °C indicating the completion of gelation.  This G' pattern 
then decreased as heating continued to 90 °C.  It should be noted that this rheological 
behavior does not signify the weakening of surimi gel at temperature between 75-90 °C.  
Reed and Park (2011a) suggested that this decreased G' at the end point might be due to 
the slippage between cone/plate and the sample once fish proteins completed gelation. 
  The significant difference of G' formation at temperatures between 30 and 40 °C 
was demonstrated in [XR1
R/3] samples (Figure 5.5).  The increased G' in this region was 
reported to be due to the role of light meromyosin (LMM) forming a semi gel 
(Egelandsdal and others 1986; Fukushima and others 2005).  LMM swelled and formed a 
weak matrix which is dismantled when heated up beyond 40 °C.  Disrupted semi gel 
caused G' to decrease.  This peak around 38 °C became smaller as chopping time without 
salt extended (Figure 5.5).  No peaks around 38P
 
P°C were shown when chopping time with  99 
 
  
Treatments  [21/3]  [21/6]  [21/9]  [21/12]  [21/15]  [21/18] 
Onset of G' 
 rising (°C) 
45.30 ± 
0.00 
45.15 ± 
0.35 
44.10 ± 
0.28 
44.00 ± 
0.00 
44.40 ± 
0.00 
44.75 ± 
0.35 
Figure 5.4  Dynamic rheology of [21/XR2
R] TB surimi as affected by various comminution 
conditions.  
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Treatments  [6/3]  [9/3]  [12/3]  [15/3]  [18/3]  [21/3] 
Onset of G' 
 rising (°C) 
46.70 ± 
0.28 
45.95 ± 
0.78 
46.15 ± 
0.35 
45.50 ± 
0.28 
45.65 ± 
0.07 
45.30 ± 
0.00 
Figure 5.5  Dynamic rheology of [XR1
R/3] TB surimi as affected by various comminution 
conditions. 
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salt was extended (Figure 5.4).  This suggested that extended chopping could damage the 
myosin tail regions that swell out due to the mechanical chopping.  A similar trend was 
observed from Alaska pollock (AP), Pacific whiting (PW), and threadfin bream (TB) 
surimi as the formation of G' concomitantly vanished at temperatures between 30-45 °C 
during heat-induced gelation (Poowakanjana and others 2012).   
  The destabilization of LMM as affected by long chopping time could be 
supported by Raman spectroscopy.  Carew, Asher, and Stanley (1975) suggested that the 
peak at 1304 cmP
-1
P was assigned for fibrous alpha-helical structure of LMM.  
Poowakanjana and others (2012) observed decreased intensity of this peak when AP, PW, 
and TB were subjected to long chopping time regardless of chopping temperature. 
  The onset of G' rising was another tool to determine how much protein unfolded.  
The onset of  G' value indicated where surimi paste started to form a gel (Egelandsdal 
and others 1986).  Low onset of G' suggested that protein needs less energy to unfold 
prior to gelation.  Tadpitchayangkoon, Park, Mayer, and Yongsawatdigul (2010) studied 
the structural change of sarcoplasmic proteins subjected to various pH-shift methods.  
They reported the onset of G' rising correlated well with the DSC thermogram in which 
the sarcoplasmic proteins with higher onset of G' rising would thermally unfold at higher 
temperature.  In the current study, the onset of G' rising decreased from 46.70±0.28 to 
45.30±0.00 °C when chopping time was extended from 6 to 21 min (Figure 5.5), and 
from 45.30±0.00 to 44.75±0.35 °C when salting time was maximized to 18 min.  This 
indicated that longer chopping and increased salting time could unfold protein structure at 
lower temperatures.  The onset of G' rising for AP, PW, and TB surimi as affected by 
various comminution conditions was also revealed by Poowakanjana and others (2012).  102 
 
They suggested that surimi subjected to longer chopping time would have onset of G' 
rising at lower temperatures as well.  
  
Fracture gel analysis 
  Gel texture was described as hardness by breaking force and cohesiveness by 
penetration distance.  A significant increase in gel texture (p < 0.05) was obtained only 
when salting time was extended (Figure 5.6).  In other words, adding salt at the early 
stage resulted in better gel texture.  Gel strength could additionally increase as long as 
chopping was controlled to not exceed 15 °C.  This was in agreement with the previous 
study (Poowakanjana and others 2012).  They suggested that as the final chopping 
temperature for TB surimi elevated from 5 to 15 °C, gel hardness (breaking force) and gel 
cohesiveness (penetration distance) increased by 27% and 20%, respectively.  There was 
a correlation between SSP (Figure 5.1) and gel texture (Figure 5.6) in this case.  
However, decreased SSP in [XR1
R/3] samples (Figure 5.2) was not correlated to the 
respective gel texture (Figure 5.7).  Extended chopping time while salt was added for the 
final 3 min resulted in a significant (p < 0.05) decrease in SSP (Figure 5.2), but reduction 
in gel texture was not significant (p > 0.05) (Figure 5.7).  This supported the finding in 
this study that no distinctive relationship between SSP and gel texture exists for fish 
proteins.  As a consequence, SSP concentration in fish proteins may not a true indicator 
for gel texture. 
  The result of gel texture was not correlated well with surface hydrophobicity.  It 
was believed that comminution unfolds the protein structure mechanically with cutting 
and chemically with salt.  As a result, unfolded proteins would aggregate in a well- 103 
 
 
Figure 5.6  Gel hardness and cohesiveness of [21/XR2
R] TB gels as affected by various 
comminution conditions.  Refer to Figure 5.1 for codes. 
 
organized structure leading to better gelation properties (Egelandsdal and others 1995). 
However, the current study suggested that there was no clear relationship between degree 
of protein unfolding and gel texture.  Gel hardness and cohesiveness increased 
significantly (p < 0.05) when salting time increased from [21/9] to [21/18] (Figure 5.6).  
However, there was no significant difference (p > 0.05) in their surface hydrophobicity.  
The SR0
R as obtained from [XR1
R/3] samples (Fig. 5.3) decreased significantly (p < 0.05) 
when total chopping time was longer than 9 min; nonetheless, their gel cohesiveness 
remained stable (Figure 5.7).  This indicated that gelation properties did not always 
depend on degree of protein unfolding.   
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Figure 5.7  Gel hardness and cohesiveness of [XR1
R/3] TB gels as affected by various 
comminution conditions.  Refer to Figure 5.1 for codes. 
 
It was worthwhile to deeply discuss degree of protein unfolding based on the 
nature of samples used at measurement.  According to the previous studies, degree of 
protein unfolding measured from solid state (paste) using Raman spectroscopy 
(Poowakanjana and others 2012) and liquid state (paste that was extracted in 0.6 M KCl 
with 10 times dilution) using ANS probe (Poowakanjana and Park 2012) exhibited 
different patterns.  Raman spectra assigned for tyrosine and tryptophan indicated that 
protein was not unfolded when surimi was chopped for longer time.  In contrast to 
surface hydrophobicity using an ANS probe, degree of protein unfolding significantly 
increased as the chopping time extended.  This was probably because proteins in solid 
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state (paste) had no space to expose their hydrophobic domain comparing to those in 
liquid state with proper dilution.   
   The relationship between gel texture of [XR1
R/3] samples (Figure 5.7) and their 
SRSH content (Figure 5.2) should be noted as well.  Normally, decreased SRSH content 
gave rise to the formation of disulfide bonds, which would strengthen the gel texture.  
Indeed, no significant change (p < 0.05) in gel texture was observed from [XR1
R/3] samples 
even though SRSH content declined.  This was because the SH groups were buried inside 
the protein cluster due to the aggregation of protein upon chopping without salt as 
mentioned earlier.  On the other hand, the stabilized gel strength of [XR1
R/3] samples 
confirmed that SH groups were not oxidized to disulfide bonds.   
Another factor behind similar gel qualities of TB surimi treatments was the 
chopping temperature.  Comminution condition at 15 °C was not too extreme for this 
tropical fish species due to its high thermal stability.  As suggested by Poowakanjana and 
others (2012), long chopping at 25 to 30 °C improved gel texture of TB surimi.  
However, it may not be conclusive that gel strength of [XR1
R/3] could increase vigorously if 
chopping was done at higher temperatures (25-30 °C).  It was because salting procedures 
were different.  Chopping without salt at high temperature is possibly not appropriate as 
the protein starts to aggregate at the beginning of the chopping process.  High chopping 
temperature without salt may be able to unfold proteins rapidly for subsequent 
aggregation resulting in impaired gel texture. 
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5.5 CONCLUSIONS  
  Total chopping time increased beyond 12 min including salting for the final 3 min 
resulted in significantly decreased SSP.   Since SSP was not correlated well with gel 
texture values, SSP is not a true indicator of gel texture for fish proteins.  In other way, 
SSP values may denote the degree of protein denaturation and its subsequent aggregation, 
not gelation properties.  In addition, gel texture did not correlate well with the surface 
reactive sulfhydryl content or surface hydrophobicity.  Applying salt at the beginning was 
able to unfold the protein structure to a greater extent as the onset of G' rising occurred at 
lower temperature.  Fish proteins, when chopped without salt for a long time, would enter 
the aggregation process quickly rather than staying solubilized.  Aggregated protein 
clusters formed prior to cooking are likely to contribute to random coagulation resulting 
in lower gel texture.  The optimum chopping process to obtain the highest gel qualities 
for threadfin bream surimi was to add salt at the early stage of chopping and chop for 
long time (21 min).   
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6.1 ABSTRACT 
  Dynamic rheological properties of Alaska pollock surimi as affected by various 
heating rates (1, 5, 10, 20, and 30 °C/min), frequencies (0.1, 1, and 10 Hz), and moisture 
contents (75, 78, and 81%) were investigated.  Elastic modulus decreased as heating rate 
increased regardless of frequencies applied during temperature sweep.  A temperature lag 
between heating plate and sample specimen was found at heating rates above 5 °C/min.  
Increased frequency lead to increased G' value but did not alter the overall G' formation 
during temperature sweep.  A magnitude of change in phase angle between 30-50 °C, 
where light meromyosin unfolds and aggregates, increased significantly as heating rates 
changed from 1 to 30 °C/min, indicating fast heating is not favored for gel formation of 
pollock surimi.  The slowest frequency applied (0.1 Hz) was more effective in examining 
the dynamic rheology of fish proteins.  High moisture content (81%) exhibited a slowly 
ascending G’ curve after gelling point and indicated slow completion of gelation.  
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6.2 INTRODUCTION 
The gelation properties of surimi are often assessed in terms of force (stress) and 
penetration distance (strain) (Jafarpour and Gorczyca 2012).  A large strain analysis like 
torsion test, punch test, and texture profile analysis (TPA) determines the fracture 
properties of gel texture while a small strain analysis like dynamic rheology provides 
non-fracture textural transformation based on G' (elastic modulus), G'' (viscous modulus), 
and phase angle (ʴ) at various temperature gradients.  Based on G', G'', as well as ʴ 
values, dynamic rheology can determine how salted proteins are unfolded and aggregated 
in an ordered fashion during temperature sweep.   
Unlike conventional fracture gel analysis, dynamic rheological measurement 
could be done within a couple of hours.  Esturk, Park, Baik, and Kim (2006) compared 
the rheological parameters of samples during heat-induced gelation to the results obtained 
from the torsion test.  They reported a similar rate (R P
2
P) of decreased G' and G'' (dynamic 
rheology) to the rate of decreased shear stress and shear strain (torsion test) of the 
samples when moisture content increased.  However, it was suggested that G' at 
temperatures above 45 °C did not yield a high correlation to shear stress.  In addition, the 
prediction of shear stress based on G' was more accurate than shear strain.  Unlike 
empirical test, results from different fundamental tests (dynamic rheology and torsion 
test) are comparable if they are reported in Pa (Pascal) (Kim and others 2005b). 
  Heating rate controls the gelling properties of surimi.  Smyth and O'Neill (1997) 
studied the gelation properties of chicken surimi and suggested that a heating rate at 1 
°C/min provided G' values that were 2.2 times higher than samples heated at 5 °C/min 
when the specimen was cooled down to 20 °C.  Cofrades, Carballo, & Jiménez-110 
 
Colmenero (1997) determined the TPA of frankfurters subjected to heating rates at 0.55, 
1.10, and 1.90 °C/min.  They found that low heating rate significantly increased hardness, 
cohesiveness, springiness, and chewiness of frankfurters over 53 days of storage.  A 
similar trend was observed from a study by Yongsawatdigul and Park (1999).  In their 
study, Pacific whiting and cod myosin exhibited higher G' when heated from 10 to 80 °C 
at 0.5 °C/min compared to 1 and 2 °C/min heating rate, respectively.  This was because 
proteins have longer time to fully denature when heated at a slower rate and this 
facilitates unfolding of the hydrophobic domain as well as enhances the protein-protein 
interactions prior to aggregation (Hermansson 1979; Camou and others 1989; Xiang and 
Blanchard 1994). 
  Although food scientists have realized the advantage of a slow heating rate for 
enhancing gelation properties, the activity of proteolytic enzymes can impart negative 
results when a slow heating rate is applied.  Some fish species, such as Pacific whiting 
and ling cod, contain a high amount of endogenous proteolytic enzyme.  Slow heating 
rate, therefore allows for increased digestion of myofibrillar protein resulting in impaired 
gel texture (An and others 1994).  Generally, gel testing on surimi made from fish 
containing high proteolytic enzymes showed extremely reduced gel texture due to slower 
heat penetration during water bath heating (~3 °C/min).  This undesirable enzymatic 
activity has been overcome by rapid heating using ohmic machine.  This technique 
inactivates endogenous proteinase, resulting in significantly improved gel texture 
(Yongsawatdigul and others 1995).   
The effect of heating rate (0.5, 1, 2 °C/min) on rheological properties of Pacific 
whiting and ling cod myosin during heat-induced gelation was revealed in a study of 111 
 
Yongsawatdigul and Park (1999).  Slow heating rate resulted in higher G' for ling cod, 
but its effect was much lower for Pacific whiting myosin.  However, the heating rate at 2 
°C/min was not fast enough to be compared to rapid, ohmic heating (100–150 °C/min).   
Unlike conventional dynamic rheometers with limited heating capability (0.5 to 2 
°C/min), recent advanced dynamic rheometers equipped with a peltier heating system can 
reportedly heat the sample fast and more precisely, possibly up to 30 °C/min.  
Leksrisompong and Foegeding (2011) demonstrated that the elastic modulus (G') of EWP 
and WPI (7% w/v, pH 7) at the end point (80 °C) was not significantly different among 
those with a heating rate at 0.2, 2, and 20 °C/min.  This may be due to egg white or whey 
proteins being less sensitive than fish myofibrillar proteins with regard to heating rates.   
With the introduction of an advanced dynamic rheometer, we hypothesized that 
fast heating with peltier would allow for more detailed study of fish protein gelation.  In 
addition, another important variable, applied frequency, was included.  According to the 
literature dealing with rheological properties of fish proteins (Chen and Huang 2008; 
Raghavan and Kristinsson 2008; Reed and Park 2011b), a fixed frequency at a value 
between 0.1-1 Hz has been used.  The effect of frequency has been well examined in 
which increased frequency results in higher G' and G'' during frequency sweep (Campo 
and Tovar 2007; Fukushima and others 2007; Yong and others 2011).  However, 
frequency sweep are typically performed at a fixed temperature so the G', G'', and ʴ 
patterns at various frequencies during temperature gradient have not been reported.  
Therefore, this study was aimed to assess dynamic rheology of fish proteins as affected 
by heating rates, frequencies, and moisture contents. 
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6.3 MATERIALS AND METHODS 
Surimi paste preparation 
  Alaska pollock (Theragra chalcogramma) (A grade) obtained from Northern 
Hawk (Seattle, WA) was cut into small blocks (approximately 1 kg), vacuum packed, and 
used within 7 mo after the production date.  Surimi was partially thawed at room 
temperature for 20 min and cut into cubes (~2 cm).  Surimi was chopped for 1 min at 
1,800 rpm using a silent cutter (UM 5 universal, Stephan Machinery Corp, Columbus, 
OH, USA) equipped with a cooling jacket connected to circulating coolant running at -5 
°C.  Two percent salt was added prior to chopping at 1,800 rpm for 1 min.  The paste was 
adjusted to 75, 78, and 81% moisture content by adding ice and chopped at 1,800 rpm for 
1 more min.  Paste was continuously chopped at 3,600 rpm for 3 min under vacuum (40-
60 kPa) to remove air pockets developed during chopping.  Chopping temperature was 
controlled to not exceed 5 °C.  Paste was kept in a vacuum bag, stored at -80 °C, and 
used within 72 hr.  Our preliminary work demonstrated no significant difference in 
rheological properties if used as described. 
   
Oscillatory dynamic measurement 
  The rheological properties of surimi paste were measured through temperature 
sweep (10 to 90 °C) using a CVO-100 dynamic rheometer (Malvern Instruments Limited, 
Worcestershire, UK).4T  After heating to 90 °C, the sample was held at 90 4T°C for an 
additional 10 min.  Various heating rates (1, 5, 10, 20, and 30 °C/min) and frequencies 
(0.1, 1, and 10 Hz) were applied.  4TThe paste4T was placed between a cone (4, 4 cm 
diameter) and plate leaving a gap of 150 μm.  The thickness of surimi specimen at the 113 
 
edge was ~1,550 μm.  A plastic cover with moistened sponge (trapper) was used to 
prevent sample drying during heating.  Frequency analysis for G' and G'' was performed 
at a constant stress of 100 Pa in a frequency range of 0.1-10 Hz at 25 °C (Data not 
shown).  Shear stress was set at 100 Pa, which was determined based on the linear 
viscoelastic range of the samples.  Stress sweep was individually tested when frequency 
at 0.1, 1, and 10 Hz was applied to AP surimi (75, 78, and 81% mo) at 25 °C (data not 
shown).  Samples were tested at least in duplicate. 
 
Statistical analyses 
  The experiment was conducted as a completely randomized design.  The mean 
temperature of the heating plate was analyzed using ANOVA and Tukey’s test in SPSS 
(version 13) software package (SPSS Inc., Chicago, Ill., U.S.A.) with statistical 
significance at a level of p < 0.05.   
 
6.4 RESULTS AND DISCUSSION 
Effect of heating rate 
  Heating rate greatly affected the elastic modulus (G') of AP surimi during heat-
induced gelation.  Increased heating rate significantly diminished G' (Figure 6.1). This 
indicated that AP gel could be impaired under dynamic rheology as the heating rate 
increased to 30 °C/min, which was in agreement with previously mentioned studies 
(Cofrades and others 1997; Leksrisompong and others 2012; Smyth and O'Neill 1997; 
Yongsawatdigul and Park 1999).  Fast temperature sweep may not provide adequate heat  114 
 
 
Figure 6.1  Elastic modulus of AP paste (75% mo) measured at two frequencies as 
affected by heating rate (°C/min).  
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to unfold and aggregate myofibrillar proteins.  Samples heated at 20 and 30 °C/min, also 
showed a significant increase in G' during 10 min holding after heating to 90 °C  
indicating the gelation of surimi was not completed.   It is generally understood that fish 
myofibrillar proteins complete gelation around 75 °C (Kim and others 2005b) when 
appropriately exposed to heat.  According to the schematic description of cone-plate, the 
sample is thinly (150 μm in the center and 1,550 μm in the edge) mounted on the plate 
which is heated by the peltier system.  Heat transfer from the plate to the entire sample 
was, therefore not made adequately at 20 and 30 °C/min. 
Stormo and others (2012) measured the temperature of surimi (74.5% mo) at 1 
mm from the surface compared to the temperature of the water bath.  As the temperature 
of the water bath rose linearly from 45-95 °C, the temperature of surimi steadily 
increased from 37-75 °C.  When the temperature of the water bath reached 95 °C, the 
temperature of surimi at the surface only reached 75 °C.  This study also suggested that 
thermal conductivity of surimi was temperature-independent.  Any conformational 
changes in protein structure between 20-60 °C had no effect against thermal conductivity 
of AP surimi.  Because heat transfer is the thermal conductivity divided by density and 
specific heat capacity at a constant pressure, heat transfer for AP surimi gel should 
remain stable during heating (assuming changes in moisture content did not change the 
density of surimi).   
The temperature of the heating plate when AP surimi reached its highest G' are 
shown in Table 6.1.  Assuming AP surimi completed gelation around 70 °C where the 
maximal G' would be observed, the values in Table 6.1 suggest that AP surimi subjected 
to various heating rates (1, 5, 10, 20, and 30 °C/min) reached 70 °C when the temperature  116 
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of the heating plate was 71.8, 80.4, 85.9, 90, and 90 °C, respectively.  Additional 
evidence supporting the lag in temperature equilibration of surimi sample compared to 
heating plate was the formation of G', which normally occurred at a temperature between 
35-45 °C (at a 1 °C/min heating rate).  This transition results from the formation and 
disruption of semi gel-like structure of light meromyosin (LMM) (Egelandsdal and others 
1986; Fukushima and others 2005; Reed and Park 2011a) as indicated by 
increased/decreased G'.  Therefore, temperature shift of LMM disruption from 37.14 °C 
(1 °C/min) to 46.2 °C (30 °C/min) (Table 6.1 and Figure 6.1) was due to the extremely 
fast heat (30 °C/min). 
  As indicated in Figure 6.1, no or minimal changes in G' while holding at 90 
°C/minP
 
Pfor 10 min denote gelation was completed during the temperature sweep (1 
°C/min and 5 °C/min).  At a rate of 10 °C/min, G' increased slightly while a 20-30 
°C/min heating rate demonstrated significantly increased G'.  This suggested that the 
maximum heating rate of surimi paste is 5 °C/min using a dynamic rheometer with peltier 
heating.  AbuDagga and Kolbe (2000) measured the heating rate of surimi heated using a 
conventional water bath (90 °C).  Pacific whiting surimi adjusted to 74 and 80% moisture 
content (stuffed in 19 mm diameter stainless steel tubes) had a heating rate of 4 and 6.25 
°C/min, respectively.  These numbers indicated the maximum rate of heat that could be 
transferred into the surimi paste.  This study supports the finding of our study that an 
adequate heating rate for surimi paste using a dynamic rheometer could be 5 °C/min or 
lower.  
  Phase angle (ʴ) is normally used to determine the transitional phase of testing 
materials: whether they possess elastic or viscous properties or both (Reed and Park 118 
 
2011a).  An ideal elastic solid shows 0° phase angle, while an ideal viscous material 90° 
phase angle.  For viscoelastic materials, the phase angle will be in between.  The effect of 
heating rate on ʴ is shown in Figure 6.2.  Surimi paste at 10 °C had a phase angle of 30°, 
indicating the surimi paste prior to heating was more elastic than viscous.  Once the paste 
was heated to 90 °C, ʴ decreased to near 10° where gelation was completed and a more 
elastic gel was obtained.   
Phase angle (ʴ) pattern overall inversely corresponded to the changes in G' 
(Figure 6.1) and increased with increased heating rate, particularly between 30 and 45 °C.  
There were two peaks for each sample that occurred during temperature sweep.  The first 
peak of phase angle was observed between 30-40 °C and shifted to a higher temperature 
as the heating rate increased from 1 to 30 °C/min (Figure 6.2), similar to what happened 
to the small decrease in G' at between 30-45 °C (Figure 6.1). 
The formation of phase angle at this region was due to the transformation of light 
meromyosin  (LMM) into a gel-like structure (Reed and Park 2011a).  Increased phase 
angle from 28° (1 °C/min) up to 48° (30 °C/min) as heating rate increased suggested that 
surimi paste became more viscous.  It was assumed that more vibration of water 
molecules was caused by the faster heating rate.  This vigorous vibration probably 
instigated a release of more fluid.  As a consequence, surimi paste became more viscous.  
However, this would require additional experiments in order to verify this conclusion.   
  The second peak of phase angle for sample heated at 1 °C/min was attributed to 
LMM disruption that started at 42 °C corresponding to the declined G' at similar 
temperature.  The second peak of samples with higher heating rates was shifted to a 
higher temperature and was well correlated to the declined G' (Figure 6.1).  In addition,  119 
 
 
Figure 6.2  Phase angle of AP paste (75% mo) at 0.1 Hz as affected by heating rate 
(°C/min).  Arrow signs indicate the shift of transition peak.   
 
 
increased ʴ of the second peak from 16° (1 °C/min) up to 19° (20 °C/min) was also due 
to the vibration of water molecule indicating surimi paste became more viscous at a 
higher heating rate.  However, the transition of the second peak from samples heated at a 
rate of 30 °C/min was not noted. 
  Comparing two heating rates (1 and 5 °C/min) demonstrated that fish proteins 
were adequately heated during temperature sweep; it is noted that slow heating (1 
°C/min) exhibited much higher G’ values than fast heating (5 °C/min).  This observation 
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is supported by Yongsawatdigul and Park (1996).  Using ohmically cooked surimi gels, 
they reported Alaska pollock surimi performed significantly better at 1 °C/min while 
Pacific whiting surimi was better when heated at 30 °C/min.  This opposing observation 
has to do with two unique enzymes in these species.  Pacific whiting surimi has a 
significant level of proteolytic enzymes (An and others 1994) and is degraded when 
heated slowly.  Alaska pollock high grade surimi, which is known to have no or minimal 
levels of proteolytic enzymes, is not affected by proteolytic degradation at slow heating.  
Instead, its gelling properties are enhanced at slow heating by the function of endogenous 
transglutaminase (Yongsawatdigul and Park 1996). 
   
Effect of frequency 
  In general, surimi paste demonstrated increased G' during frequency sweep 
between 0.1-10 Hz (Campo and Tovar 2007; Fukushima and others 2007; Yong and 
others 2011).  Frequency sweep from the current study also demonstrated a similar trend 
(data not shown).  Mezger (2006) suggested that for many materials, rigidity increased 
(G' dominates) due to less flexibility at higher frequency.  Overall G' pattern of AP surimi 
paste at 1 and 30 °C/min heating rate increased when frequency was raised from 0.1 to 1  
and 10 Hz (Figure 6.3).  A similar trend was also obtained from other heating rates (5, 10, 
and 20 °C/min) (data not shown).  A small peak resulted from unfolding and disruption 
of the semi gel-like structure of LMM but disappeared when temperature sweep was 
conducted at higher frequency (1 and 10 Hz) for all heating rates (Figure 6.1).  Sinusoidal 
oscillation, where the cone rotated fast (1 and 10 Hz) to complete 1 and 10 cycles within  121 
 
 
Figure 6.3  Elastic modulus of AP paste (75% moisture content) as affected by frequency 
(Hz). The instrument recorded no data at 10 °C for 1 and 10 Hz particularly when heated 
at 30 °C/min.   
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1 sec, respectively, might not be able to grab the surimi paste properly and detect the 
formation of the semi gel-like structure of LMM and its subsequent disruption.  The 
effect of frequency on G' was more noticeable at lower temperatures (10-45 °C/min).  
This difference in G' was reduced when surimi paste began gelation at temperatures 
between 45-70 °C (1 °C/min heating rate).  Therefore, the frequency effect diminishes 
once the surimi paste becomes a gel.  
Changes in G' pattern as affected by frequency was in accordance with the theory 
of Ross-Murphy (1984).  The log-log plot of G' vs. frequency (ω) could determine the 
characterization of the materials.  For the elastic materials, the graph of log G' vs. log ω 
has a slope approaching 0 which means G' does not increase during frequency sweep.  
But when G' increases significantly (resulting in a positive slope) as a function of 
frequency, it indicates a weak gel network (Hudson and others 2000).  Dileep and others 
(2005) reported that the slope of G' of the gels made from ribbon fish meat with or 
without starch was significantly lower than that of their paste samples. 
  TRp 
R(temperature of heating plate) was measured at the maximum G', indicating the 
completion of gelation, and at the point of LMM disruption (Table 6.1).  The temperature 
corresponding to the maximal G' was shifted to higher temperatures, while the 
corresponding temperature to LMM disruption to lower temperatures, as applied 
frequency increased from 0.1 to 10 Hz.  This trend was more apparent at 1 and 5 °C/min 
heating rate, respectively.  As discussed above, fast sinusoidal oscillation (high 
frequency) would not be able to measure gel transition adequately, but disrupt semi gel-
like structure quickly.  As also suggested earlier, applying high frequency created fast 123 
 
forward-backward rotation of the cone.  This might destabilize the myofibrillar protein 
structure so the G' recession appeared at lower temperature.   
 
Effect of moisture content 
  Increased moisture content resulted in decreased elastic modulus which was 
similar to previous works (Pin and others 2010; Liu and others 2008; Chen and Huang 
2008).  Rheograms of G' and ʴ exhibited similar patterns, but were in a different 
magnitude with different moisture content (Figure 6.4).  As for the G' values, the  
 
 
 
Figure 6.4  Elastic modulus and phase angle of AP paste (1 °C/min, 0.1 Hz) as affected 
by moisture content.  
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temperature for unfolding and disruption of LMM semi gel-like structure was shifted to a 
slightly lower temperature as moisture content increased from 75% to 81%.  But their 
gelling points, where G' started to increase at around 43 °C, were not changed.  It is also 
interesting to see the ascending slope of G' (44-50 °C) was lowest at 81% mo indicating 
more time is needed for less protein to be associated in a way to complete gelation.  The 
lower moisture content (75%) played a major role in cross-link density of myofibrillar 
protein and increase water holding capacity (Reppond and others 1995) as well as the 
elastic consistency of the surimi gel (Chen and Huang 2008).  
  While G' decreased as moisture content increased during temperature sweep, 
changes in phase angle behaved differently.  For phase angle (ʴ), the initial values were 
clearly different based on the respective moisture content.  It was interesting to observe 
the magnitude of ʴ change.  The effect of moisture content was clearly demonstrated by 
phase angle transitions between 40 and 60 °C.  The sample with 81% moisture showed 
more elastic behavior near 45 °C and more viscous behavior near 53 °C than other 
samples (Figure 6.4).  This might be linked to unfolding of LMM and semi gel-like 
structure followed by its disruption.  With different frequencies (1 and 10 Hz), similar 
trends were demonstrated (data not shown).  Increased moisture content of surimi from 
75 to 78 and to 81% reduced both G' (Figure 6.4) and G'' (data not shown), but the rate of 
change of these two parameters is different as the proteins change their behavior during 
temperature sweep.   
Since phase angle (ʴ) equals the tangent of G''/G', the decreased phase angle could 
be obtained when the ratio of G''/G' approaches 0 which are: i) decreased rate of G'' is 
greater than that of G'; ii) G'' decreases while G' is stable; iii) G' increases while G'' is  125 
 
Figure 6.5  Decrease rate (%) of rheological parameters when moisture content of surimi 
was adjusted from 75 to 81% (1 °C/min at 0.1 Hz).  
 
 
stable; or iv) increase rate of G'' is lower than that of G'.  The decrease rate of both 
rheological parameters (G' & G'') during temperature sweep is illustrated in Figure 6.5.  
Greater reduction in G'' compared to G' was observed during the temperature between 35-
50 °C.  It is also in agreement with the exhibition of higher phase angle by samples 
containing 81% moisture near 50 °C (Figure 6.4).  As discussed earlier, decreased elastic 
modulus at this region (near 35-45 °C) was due to disruption of LMM’s semi gel-like 
structure (Figure 6.1). Figure 6.5 suggested that the disruption may have a higher impact 
on the surimi paste’s viscous behavior than its elastic behavior.  In addition, surimi paste 
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with higher moisture content resulted in more fluid released, which contributed to a 
greater decrease in the viscous modulus.    
 
6.5 CONCLUSIONS 
  As the heating rate increased from 1 to 30 °C/min, elastic modulus decreased 
during temperature sweep from 10-90 °C, suggesting there was insufficient time for 
elaborate gelation. However, phase angle near 40P
 
P°C increased indicating that the paste 
became more viscous with fast heating rate during the disruption of the LMM gel-like 
structure.  Although increased frequency resulted in increased G' during temperature 
sweep, it failed to detect the formation of the LMM gel-like structure.  G' component, 
once AP surimi became a gel, was less dependent on frequency.  Increased moisture 
content lead to a decline in G' and G'', but their rate of decrease alternated differently 
during temperature sweep.  High moisture content might contribute to the remarkable 
loss in viscous component during the disruption of LMM matrix.  For the dynamic 
rheological study of fish protein paste even with peltier heating, frequency at 0.1 Hz and 
heating rate at 1-5 °C/min were suggested for optimal gelation.  It also revealed that slow 
heating is favored by AP surimi for its gelation. 
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CHAPTER 7 
GENERAL CONCLUSIONS 
 
  Understanding the thermostability of fish protein would be a short cut to control 
the quality of surimi seafood products.  Protein unfolding during the comminution 
process was a result of multiple effects contributed by mechanical force (chopping time), 
thermal denaturation (chopping temperature), and chemical solubilization (salting).  An 
optimum chopping procedure for each fish species was dependent on these three 
parameters.   
Regardless of the fish species surimi is made from, adding salt at the early stage is 
recommended to avoid partial aggregation that can lead to random coagulation.  This was 
because salt maintains proteins in unfolded/solubilized form and prevents them from 
being aggregated as a result of extreme chopping condition (long time/high temperature).  
It is known that proteins can coagulate even without heat beyond the optimum conditions 
instead of forming an elaborate gel network.  Therefore, extending chopping time beyond 
the optimum conditions although temperature is maintained under cold condition was not 
recommended.  Long chopping time during the on and off process to maintain a desired 
temperature may disrupt protein-protein interactions mediated by endogenous 
transglutaminse.  In addition, temperature of surimi when salt is added could dictate 
protein gelation.  Proteins can be damaged when surimi is thawed to above freezing point 
and subsequently comminuted without salt.  Once mechanically unfolded proteins end up 
with being randomly tangled by themselves, adding salt with additional chopping cannot 
fully recover the gelling ability of proteins. 128 
 
  As the partially thawed surimi is used at the early stage and salt is added while 
temperature of blended surimi is still below freezing point, optimum comminuting 
condition for Alaska pollock (AP) surimi is to chop for 15-18 min while temperature is 
strictly maintained as cold as possible.  However, prior to introducing this chopping 
procedure to a commercial production line, chopping time must be optimized due to a 
large batch size (300 – 500 kg).  A vacuum silent cutter equipped with  an appropriate 
cooling system would be strongly recommended.  Similar to AP, Pacific whiting (PW) 
and threadfin bream (TB) surimi require a proper thawing temperature, salting step, and 
cooling equipment.  The optimum chopping conditions for PW and TB surimi are with 
adding salt in an early stage and to chop surimi continuously until the temperature 
reaches 15-20 °C and 25-30 °C, respectively.   
Taking the study result to commercial application would require additional steps 
to verify the time/temperature effect on surimi seafood paste held before being extruded 
onto the cooking belt.  Long holding time and/or elevated temperature could allow setting 
to take place.  Thick surimi paste after being partially set can cause a problem at the 
extrusion head, resulting in inconsistent/non-uniform sheet.  It is ideal if surimi paste is 
extruded onto the cooking belt immediately after chopping is completed.  This practice is 
possible with a continuous chopping machine with an extruder channel on the other end. 
This system can synchronize the inputs (surimi and other ingredients) and inputs (paste) 
according to the production plan. 
  During comminution, disappearance of α-helix and β-sheet was observed 
indicating unfolded proteins leading to a randomized structure that favors protein-protein 
interaction.   Subsequently at the measurement of the biochemical properties of surimi 129 
 
paste, the randomly tangled structure was precipitated during centrifugation and resulted 
in reduced salt soluble protein concentration.  Salt soluble protein concentration 
decreased as chopping time extended longer and/or chopping temperature increased. 
However, gelling ability of surimi was found maximal at longer chopping and/or at 
chopping temperature near fish’s habitat temperature. This indicated no relationship 
between salt soluble proteins and their gelling ability. 
Moreover, there was no meaningful relationship between gel strength and surface 
hydrophobicity.  A higher degree of protein unfolding in surimi paste, according to 
increased surface hydrophobicity, did not always refer to increased gel strength.  
Excessive unfolding could, therefore, diminish the gelation of fish proteins.  Further 
study would be necessary to determine the reason for this observation.  
It should be noted that the results of salt soluble protein and surface 
hydrophobicity did not represent the conformational change of fish proteins in the sol 
state because surimi paste was extracted in 0.6 M KCl.  In addition, a direct measurement 
on conformational change of protein structure by Raman spectroscopy revealed disulfide 
formation increased during prolonged chopping.  However, increased disulfide bonding 
was  not always an answer for the gel strength as surimi from all three species 
demonstrated impaired gel texture when chopping was performed beyond the threshold 
point. 
  The textural and rheological properties of AP surimi were greatly affected by 
heating rate.  Slow heating rate provided longer time for proteins to unfold and form an 
orderly three-dimensional network.  With a fast heating rate, not only was there 130 
 
inadequate time for unfolding and gel forming, but the faster rate provoked vibration of 
water molecules, which may disrupt protein-protein interactions.   
It should be noted that slow heating rate was not recommended for surimi from all 
fish species.  Slow heating is favored by AP surimi because this species has a 
significantly low concentration of proteolytic enzymes and is rich in endogenous 
transglutaminase.  In contrast, PW and tropical surimi have a high concentration of 
proteolytic enzymes.  It is therefore recommended that a fast heating rate be employed to 
improve gel strength. 
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9.1 ABSTRACT 
  Carmine used to color surimi seafood often seeps or bleeds from red colored meat 
to white meat when vacuum packed products go through high temperature long time 
pasteurization.  Various physical and chemical treatments were examined to investigate 
means to inhibit or minimize carmine bleeding in surimi seafood products.  Degree of 
bleeding was analyzed using L* (lightness) and a* (redness) as affected by carmine 
concentrations, pH, pasteurization conditions, and added calcium compounds.  Bleeding 
was significantly affected by carmine concentrations.  Optimum carmine concentration in 
color paste was 0.1%.  Bleeding increased when pasteurization time and/or temperature 
increased.  Color bleeding was also affected by moisture content of surimi paste. Carmine 
bleeding was minimized as pH of color solution decreased.  The degree of bleeding was 
controlled as calcium compounds were added in color solution in descending order of 
calcium chloride, calcium acetate, and calcium hydroxide.  Minimal inhibition was 
obtained when color solutions contained calcium citrate, tricalcium phosphate, and 
calcium lactate. 
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9.2 INTRODUCTION 
Among those of the colorants used in surimi seafood (crabstick), carmine, a red 
colorant is the most popular pigment.  Carmine is refined from female cochineal insect 
(Dactylopius Coccus Costa) (Lancaster and Lawrence 1996).  It is approved to be safely 
used for coloring food with good manufacturing practice.  However, responding to recent 
citizen’s petitions, the US Food and Drug Administration rules any foods or cosmetics 
containing cochineal extract or carmine need to be declared as an allergen effectively on 
Jan 5, 2011 (FDA 2009).  
Adding carmine colorant onto the surimi seafood meets the consumer’s 
satisfaction in such a way that the image of product will resemble the cooked natural 
shellfish.  Moreover, because carmine possesses excellent resistance to heat, light, 
oxidation, and storage (Cosentino and others 2005; Dapson 2007) and is not toxic, 
carcinogenic, or mutagenic (WHO 1977; Allevi and others 1987), it has become an 
important colorant in processed foods.  However, when carmine is introduced to surimi 
seafood, which is manufactured through rigorous thermal pasteurization under vacuum, 
this color coats the surface layer permanently but a part of color portion is transferred to 
its white portion.  In other words, carmine colorant can gradually seep into the white part, 
particularly when pasteurized in a vacuum pack at high temperature for longer time.  As a 
result, it affects the food appearance negatively because color bleeding onto the white 
part is considered undesirable.  There are additional colorants that have been widely used 
in surimi seafood products.  One of those is paprika oleoresin, an oil soluble extract from 
the capsicum fruit.  Unlike carmine, paprika oleoresin contains no bleeding problem but 
its stability against heat, light, oxidation, and storage is much lower than carmine 158 
 
colorant.  Although food colored with paprika oleoresin is stored in dark-and-cold 
condition, the color still fades (Cuvelier and Berset 2005).  Moreover, the paprika color is 
subjected to change from pale yellow to reddish orange at various pH conditions.  It is 
also obviously differentiated by consumer’s color preference: carmine provides red hue 
in general, while paprika oleoresin provides orange hue. 
When it comes to color application for crabstick, two methods (color wrapping 
and color co-extrusion) are commonly used (Park 2005).  A color wrapping method is 
applied by painting colored surimi paste onto a wrapping film before it is bundled into a 
crabstick rope.  The wrapped crabstick rope is cooked in a steam box to set the color after 
cutting into a stick or flake shape.  This method often causes color flaking because 
cooked color does not fully interact with white body meat, resulting in a peppery 
appearance.  Co-extruded color can overcome this color flaking obstacle.  This method 
allows colored paste to be co-extruded right onto the raw sheet at the beginning of the 
crabstick cooking.  The co-extrusion color method also speeds up the process, eliminating 
plastic wrapping and cooking for color setting (Lauro and others 2005).  However, this 
application often creates color bleeding or color transfer unless a suitable fraction of 
emulsifiers is used in the color blend.  
Many non-bleeding colorants and edible colored film coatings have been used in 
the pharmaceutical field (Berndt 2006), but these technologies have rarely been combined 
to the production of crabstick where high cooking temperature and high moisture content 
are used.  Thus, a technology to effectively control color bleeding is needed.  
Commercial color pre-blends containing carmine are manufactured using an 
effective emulsifier PGPR (polyglycerol polyricinoleate) or with the manufacturer’s own 159 
 
proprietary process to stop or reduce carmine bleeding in crabstick production.  It is 
currently listed as GRAS (generally recognized as safe) by FDA for its utilization in 
chocolates and margarines based on the GRAS petition and FDA’s review (Lauro and 
others 2005).  However, the use of this particular PGPR in crabstick color application has 
not been petitioned to FDA for its review as GRAS.  This has created a biased position 
between those who think the use of PGPR is illegal and those who think the use of PGPR 
should be ok because it can be used in chocolates at up to 0.3% (FDA 1999) and 
margarines at not greater than 1.0% (FDA 2006).  Considering the various facts discussed 
above, there is a substantial need to develop a carmine color blend that does not bleed 
under vacuum pasteurization, using GRAS chemical ingredients or processing variables 
that stabilize the structure of carmine.  
Our overall objective was to investigate various means to eliminate or minimize 
the color bleeding of carmine as a red pigment.  The minimization of bleeding was 
evaluated as affected by pasteurization time and temperature, pH of the color solution, 
surimi gel strength, moisture content of surimi paste, and calcium compounds. 
 
9.3 MATERIALS AND METHODS 
Preparation of crabstick paste 
  Frozen Pacific whiting (Merluccius productus) surimi obtained from American 
Seafoods (Seattle, WA) was cut into small blocks (approximately 1000 g) and kept at -18 
C until use.  Frozen surimi was partially thawed for 1 hr at room temperature before 
cutting into small pieces (2-3 cm cubes).  Cut surimi (38% w/w) was placed into a mixer 
(Stephan chopper, UM 5 universal, Stephan Machinery Corp., Columbus, OH, U.S.A.) 160 
 
and chopped for 1 min at low speed.  With addition of salt (2% w/w), surimi was cut at 
low speed for an additional 1 min.  Table sugar (5%), native corn starch (8%) (Corn 
Products International, Inc., Westchester, IL), dry egg white (DEW, 2%) (Henningsen 
Foods, Inc., Omaha, NE), and ice/water (45%) were added and mixed using low speed 
for 1 min.  After scraping the cover to remove surimi paste, mixed ingredients were 
continually chopped for 3 min at high speed under a vacuum (40-60 kPa).  The paste was 
then packed into small vacuum bags (500g), kept frozen (-80 C), and used as the surimi 
seafood paste for various color testing. 
 
Preparation of colored surimi paste 
  Using color solution prepared with 8 % standard carmine powder (Color Maker 
Inc., Anaheim, CA), various concentrations (0.05, 0.1. 0.15, and 0.2 %) of carmine was 
mixed using the prepared surimi seafood paste.  Carmine’s compositional properties 
measured using AOAC methods (AOAC 2000) were 10.01% for moisture and pH 4 when 
dissolved in water at 8%.  Colored paste was prepared by mixing color solution and 
surimi paste accordingly to obtain proper color concentrations.  Surimi paste and colored 
paste were independently molded into a thin sheet using our own molding sheet frame 
(7.5 cm wide, 25.5 cm long, 0.1 cm thick) (Figure 9.1) placed on aluminum foil sprayed 
with oil (PAM canola oil, ConAgra Food, Inc., Omaha, NE).  Two sheets (white sheet 
and colored sheet) were cooked in steam at 90 C (5 min) inside a water bath (WB-
1120A, GS Blue M Electric, Watertown, WI, USA).  Two sheets were placed one on the 
other and packaged in a vacuum film before subjecting to various pasteurization 
treatments as described below.  161 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.1  Diagram of sample preparation 
Vacuum sealed and 
pasteurized. 
White paste and red 
paste were molded 
in a sheet and 
cooked 
independently. 
A half of colored 
sheet was laid over 
white sheet. 
Carmine stain due to 
bleeding was found 
on the white meat 
sheet as colored 
sheet was removed. 162 
 
Effects of pasteurization, surimi paste moisture content, gel setting, and pH on carmine’s 
bleeding 
  Comparing colors of various commercial crabsticks, we determined 0.1% carmine 
concentration in colored surimi as the optimum usage concentration.  Therefore, 0.1% 
carmine concentration was used for all color paste preparations.  To measure the effect of 
cooking time, vacuum packed samples were heated in steam at 90 C for 15, 30, 45, and 
60 min.  To measure the effect of cooking temperature, vacuum packed samples were 
cooked at 60, 70, 80, and 90 C for 1 hr.  The effect of surimi paste moisture content at 
69, 71, 73, and 75% was examined as well.  The effect of setting (25 C for 2 hrs), which 
is a unique gelling functionality of salted surimi by transglutaminase when the paste is 
treated at 5-40 C depending on species, was also evaluated.  The effect of the pH of 
color solution on bleeding was also measured.  The pH of color solution was adjusted 
between 2 and 10 using 2N NaOH (Ricca Chemical Company, Arlington, TX) or 2N HCl 
(VWR international, West Chester, PA) before adding to surimi paste.  Vacuum packed 
samples were then pasteurized in steam at 90 C for 1h. 
 
Effect of calcium compounds on carmine’s bleeding 
  It is believed that carmine bleeds because the carminic acid molecule, which is the 
coloring agent, dissolves extremely well in water (Cosentino and others 2005).  Carminic 
acid has a tendency to bleed because surimi seafood always has a high moisture content.  
As a consequence, we hypothesized making carminic acid insoluble by precipitating it 
chemically would minimize bleeding.  In carmine processing, calcium compounds 
(preferably calcium carbonate) are used to precipitate carmine from the cochineal extract 163 
 
(Burge and others 1979).  Nafisi-Novaghar and others (1992) also successfully used 
carmine precipitate developed with potassium alum and calcium chloride for permanent 
red coloring in cherries after anthocyanin in cherries was removed.  Since calcium ion 
efficiently binds to the protein structure, we attempted to use calcium ions to bridge 
carmine molecule to protein structure inhibiting color bleeding.  
  Different calcium compounds at various concentrations were mixed with carmine 
powder (8%).  Commercial calcium compounds used were calcium chloride and calcium 
hydroxide from Sigma-Aldrich. Inc. (St. Louis, MO), calcium acetate from J.T. Baker 
Chem. Co. (Phillipsburg, NJ), calcium lactate from PURAC America (Lincolnshire, IL), 
calcium citrate from Jungbunzlauer Inc. (Newton Center, MA), and tricalcium phosphate 
from Albright & Wilson Americas Inc. (Glen Allen, VA).  Calcium solutions were 
prepared at their saturated concentration by mixing calcium compounds in distilled, 
deionized water.  According to the 61P
st
P CRC Handbook of Chemistry and Physics (1980), 
the maximum solubility of calcium chloride, calcium hydroxide, calcium acetate, calcium 
citrate, calcium lactate, and tricalcium phosphate is 74.5, 0.185, 37.4, 0.85, 3.1, and 0.002 
g/100mL, respectively.   
Carmine was added to various calcium solutions made at their saturated 
conditions. In addition, calcium chloride, acetate, and hydroxide were further evaluated at 
their various concentrations.  Colored solution was heated to 90 C to accelerate the 
chemical reaction and chilled before mixing with surimi paste at 0.1% concentration of 
carmine.  Surimi sheets were prepared as illustrated in Figure 1 and cooked in steam (90 
C) for 5 min.  Vacuum packed samples in two layers of white and colored sheet were 
then pasteurized in steam at 90 C for 1 h. 164 
 
Bleeding measurement 
   Color  values  of  the  white  sheet  were  measured  using  a  Minolta  Colorimeter 
(Osaka. Japan) based on L* (lightness) and a* (redness) values to determine the degree of 
bleeding.  Higher L* indicates brighter and lower a* indicates lower degree of bleeding.  
Five readings were measured from the surface of cooked white sheets and averaged.  
 
Statistical analysis 
  Data were subjected to analysis for an average and standard deviation with a 
statistical significance at P < 0.05.   Using ANOVA and Tukey’s test in SPSS (version 
13) software package (SPSS Inc., Chicago, IL., U.S.A.), statistical comparisons between 
treatments were determined.   
 
9.4 RESULTS AND DISCUSSION 
Carmine bleeding as affected by pasteurization, moisture content, gel setting, and pH  
  Optimal carmine concentration in colored meat of crabstick was determined at 
0.1% (w/w), regardless of bleeding, based on the degree of red hue as compared with 
various commercial crabstick products.  The degree of bleeding, as denoted by the a* 
value, depended on carmine concentration.  The greater carmine concentration resulted in 
a higher degree of bleeding (Table 9.1).  Effect of pasteurizing time on bleeding was 
significant (Table 9.2).  Degree of bleeding increased as pasteurization time was 
extended; however, it remained unchanged after 45 min.  Increased pasteurization 
temperature also enhanced bleeding as indicated by increased a* values (Table 9.2). 165 
 
  This enhanced bleeding was probably because the covalent bond between hexose 
sugar and the anthraquinone nucleus of the carminic acid structure could be easily broken 
down at high temperature(Green 1990).  Lancaster and Lawrence (1996) reported that 
this covalent bond was broken at above 100 C.  Although the samples were pasteurized 
at 90 C, long cooking time may be enough for destabilization.  Without the hexose 
group, the structure of the anthraqinone nucleus with carboxylic acid, methyl group, and 
hydroxyls is similar to kermesic acid, which is soluble in water at high temperature.  
However, by comparison to the chemical structure between kermesic and carminic acid, 
Dapson (2007) claimed that the potential sites for hydrogen bonding of kermesic acid are 
reduced because it lacks the hexose group leading to decreased water solubility of the 
kermes pigment.  
  Gel strength of the cooked surimi sheet, which was enhanced by setting, was not a 
factor affecting carmine bleeding (data not shown). Our assumption that the stronger gel  
 
 
Table 9.1  Color values as affected by carmine concentration 
% carmine concentration  L*  a* 
0.05  75.32 ± 0.24 P
a  4.02 ± 0.16 P
d 
0.10  75.24 ± 0.26 P
a  8.88 ± 0.15 P
c 
0.15  71.46 ± 0.37 P
b  12.98 ± 0.12 P
b 
0.20  69.83 ± 0.31 P
c  14.83 ± 0.12 P
a 
Note: Different letters represent significant differences (p < 0.05). 166 
 
texture could hold the carmine molecule more tightly and give less bleeding was found 
wrong. 
  The high moisture content of surimi paste significantly affected carmine bleeding. 
Carmine colorant is not water soluble but carminic acid, which is a major component in 
carmine, is highly water soluble. Carmine contains approximately 50% carminic acid 
(Baldwin and others 1997).  Bleeding occurs due to the presence of this instable carminic 
molecule.  Higher moisture caused carmine molecules to bleed more probably because 
carminic acid could be easily leached with water molecules from the loosely bound gel 
matrix (Table 9.3).   
 
 
 
Table 9.2  Color values as affected by pasteurization time and temperature 
Pasteurization parameters 
Time @ 90 C  Temperature for 1 h 
min  L*  a*  C  L*  a* 
15  76.14 ± 0.52 P
b  2.46 ± 0.43 P
c  60  77.21 ± 0.35 P
a  3.71 ± 0.2 P
d 
30  77.79 ± 0.69 P
a  6.85 ± 0.52 P
b  70  76.66 ± 0.3 P
a b  6.07 ± 0.29 P
c 
45  75.72 ± 0.84 P
b  8.94 ± 0.74 P
a  80  76.29 ± 0.34 P
b  7.75 ± 0.32 P
b 
60  75.30 ± 0.53 P
b  8.75 ± 0.47 P
a  90  75.09 ± 0.53 P
c  8.67 ± 0.27 P
a 
Note: Different letters represent significant differences (p < 0.05). 167 
 
Table 9.3  Color values as affected by moisture content of surimi paste 
% Moisture Content  L*  a* 
69  76.27 ± 0.36 P
b  3.35 ± 0.38 P
c 
71  74.64 ± 0.54 P
c  4.59 ± 0.18 P
b 
73  77.8 ± 0.48 P
a  4.91 ± 0.86 P
a b 
75  77.06 ± 0.77 P
a b  5.96 ± 0.83 P
a 
Note: Different letters represent significant differences (p < 0.05). 
 
The degree of bleeding decreased when the colored solution was prepared at 
extremely low pH.  Carmine had a tendency to bleed more as the colored solution pH  
increased, with maximum bleeding occurring at pH 10 (Figure 9.2).  Reduced bleeding at 
low pH was probably due to carmine’s reduced solublility at acidic condition. 
Cochineal carmine completely dissolves in water at pH between 10.2 and 10.8 
(Cosentino and others 2005).  Dapson and others (2007) utilized spectrophotometric 
examination for the certification of carmine as a biological stain by dissolving carmine at 
pH 12.5-12.6.  During carmine processing, cochineal is first extracted at pH 9 using 
sodium carbonate and recovered at pH 5.0 by adding citric acid (IDRC 1999). 
 
Carmine bleeding as affected by some calcium compounds 
  Calcium compounds are generally used to precipitate carmine during the 
commercial extraction process of cochineal (Dapson 2007).  The alizarin group in  168 
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Figure 9.2  Color values as affected by pH of color solution  Different letters on each bar 
represent significant differences (p < 0.05). 
 
 
carminic acid can form insoluble metal chelates with metal ions, such as aluminum and 
calcium (Saper 1991; Tiedemann and Yang 1995)  Based on the processing nature of 
carmine extraction from cochineal, we hypothesized that the insoluble precipitation 
ofcarmine using those chemical compounds could lead us to find a means to reduce or 
minimize carmine bleeding.   
  Incorporation of carmine in saturated calcium compounds showed various effects 
in controlling bleeding (Figure 9.3).  Minimum bleeding was provided by colored paste 
containing carmine in saturated calcium chloride, followed by calcium acetate, and 
calcium hydroxide, respectively, in descending order.  Minimal inhibition occurred in  
 
A  B  B  C  D  D  E  F 
G 
a 
b 
c 
d 
e 
f  g
  a  
h 
i 169 
 
0
20
40
60
80
100
Control Calcium
chloride
Calcium
acetate
Calcium
hydroxide
Tricalcium
phosphate
Calcium
lactate
Calcium
citrate
L
 
*
0
3
6
9
12
15
a
 
*
L * a *
Figure 9.3  Bleeding inhibition as affected by carmine incorporated with various calcium 
compounds at their respective saturated concentrations. Different letters on each bar 
represent significant differences (p < 0.05). 
 
 
colored paste containing tricalcium phosphate, calcium lactate, and calcium citrate, 
probably due to their low solubility in water.   
  Different calcium compounds exhibit various degrees of water solubility over a 
range of temperature.  While some compounds increased solubility as temperature 
increased, others decreased with increased temperature. As described in the 61st CRC 
Handbook of Chemistry and Physics (Anonymous 1980), most of calcium compounds, 
such as calcium chloride, acetate, and lactate, tend to dissolve more when temperature is 
increased. In contrast, the water solubility of calcium hydroxide and citrate declined 
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when dissolved in hot water, while tricalcium phosphate decomposes under this 
condition.   
  To be more specific, Lee and Park (1998) measured the water solubility of eight 
calcium compounds and reported the percent solubility of calcium compounds at specific 
concentration and temperature.  They found that the solubility of calcium compounds 
varied depending on the type of calcium compounds, concentration, and temperature.  
Moreover, carmine pigment in colored solution may be a driving force to precipitate or 
solubilize calcium compounds in the solutions.  Therefore, understanding the role of 
calcium compounds to inhibit bleeding of carmine was a challenge similar to their 
solubility in water. 
Using selected calcium compounds, the effect of bleeding was additionally 
evaluated by their concentrations.  With calcium chloride and calcium citrate, color 
bleeding was effectively minimized as calcium concentration increased (Figure 9.4).  
However, calcium hydroxide did not follow the same trend. Significantly higher bleeding 
was observed at concentrations exceeding 0.5%.  The minimum a* value, indicating the 
least bleeding, was observed at 0.1% calcium hydroxide.  In fact, the maximum water 
solubility of calcium hydroxide was at 0.185 g/100 mL.  The addition of too much 
calcium hydroxide did not help bleeding inhibition.   
When calcium hydroxide dissociates, two hydroxide ions are released.  The 
dissociated hydroxyl groups shift the pH to alkali resulting in a high degree of bleeding 
as shown in Figure 2.  The pH of colored solutions containing 8% carmine when mixed 
with 0.1 and 1% calcium hydroxide were 4.65 and 12.06, respectively.  The action of 
calcium ion on bleeding inhibition may be due to the chemical properties of carmine  171 
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Figure 9.4  Color values measured at various concentrations of selected calcium 
compounds 172 
 
precipitates or chelated carmine bonded to protein links through ionic bonds.  The 
calcium compound in surimi seafood did not only benefit bleeding inhibition, but also 
strengthened gel properties leading to increased Sin Sproduct values.  However, Lee and 
Park (1998) claimed that only specific calcium compounds at certain levels would likely 
give a positive effect to gel texture enhancement, depending on fish species.  In addition, 
added calcium compounds would be useful only when the surimi process includes pre-
incubation (setting).  It is also important to note that the calcium compounds added to 
colored surimi paste containing carmine, if exceeding 0.05%, can show signs of 
aggregation when the paste is kept for a long period before being used.  This aggregate 
can cause non-uniform application of color when the paste goes through the crabstick 
forming head. 
  Apart from calcium compounds, aluminum potassium sulfate is also used to 
precipitate carmine during the cochineal extraction process (Dapson 2007; IDRC 1999).  
Incorporating carmine with potassium alum was believed to effectively minimize 
bleeding.  In our preliminary study, we observed a positive effect of potassium alum in 
inhibiting carmine bleeding.  However, the effectiveness was not as good as calcium 
compounds.  In addition, aluminum ions easily unfolded the protein structure and formed 
aggregates likely causing a problem in extruding colored paste. 
 
9.5 CONCLUSIONS 
Minimization of carmine bleeding in crabstick was achievable by optimizing 
processing parameters, including pasteurization time and temperature, pH, and calcium 
compounds.  Lower temperature and shorter time of pasteurization could minimize 173 
 
carmine bleeding.  The pH adjustment of colored solution to acidic condition also 
improved bleeding inhibition, where minimum bleeding was achieved at pH 2.  Carmine 
was precipitated at extremely low pH, but dissolved well in alkaline solution; therefore, 
when carmine’s water solubility was improved, it could result in higher bleeding.  
Incorporating carmine with calcium compounds proved to successfully inhibit color 
bleeding.  Calcium chloride, calcium acetate and calcium hydroxide effectively 
controlled degree of bleeding in descending order.  Higher concentration of calcium 
chloride and calcium acetate improved bleeding inhibition.  However, higher 
concentration of calcium hydroxide enhanced bleeding.  This supports the effect of pH 
where alkaline solution caused carmine to bleed more.  This affirmed that precipitated 
carmine at specific pH may play a key role in controlling carmine bleeding in crabstick.  
 
 
 
 
 
 
 
 